University of Department of Electrical Engineering
209N Walter Scott Engineering Center

Nebraske Lo . ES465051

. incoln, -

Lincoln Phone }402 472-3771
FAX (402) 472-4732

December 2, 2000

U.S. Army Research Office

4300 South Miami Boulevard

P.O. Box 12211

Research Triangle Park, NC 27709-2211
ATTN: AMSRL-RO-RI (Sylvia Hall)

Dear Sylvia,
Enclosed are the Final Progress Report for DAAG55-98-0462. This report has been

granted a 60 extension to submitted before December 15, 2000.
If you have questions regarding the report, please contact me at the followihg
address:

438 22438 658 2 38 38 b 3 o 8 36 38 e 3 3 e o o 3 o 6 e e

Dr. H. Walter Yao

AMD

915 Deguigne St. Room 270 D
P.O. Box 3453, MS 143
Sunnyvale, CA 94088-3453

Phone: (408) 749-3544

FAX: (408) 749-5585

Email: walter.yao@amd.com
S 63538580k b 36 5635 S S 30 8 3 3 3 3 o ok o o b e e 3%

Best Regards,

Ioabber Yo

H. Walter Yao

Professor of Electrical Engineering

DTIC GUALITY © -~ i0FED &

20010116 134




Form Approved

REPORT DOCUMENTATION PAGE | OMB NO. 0704-0188

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this burden estimates or any
other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations
and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188,)
Washington, DC 20503.

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
December 2, 2000 Final: 15 July 1998 - 14 July, 2000
- 4. TITLE AND SUBTITLE ) 5. FUNDING NUMBERS

Optical Properties of GaN and Other IMI-Nitride Semiconductor Materials DAAG55-98-1-0462
Studied by Variable Angle Spectroscopic Ellipsometry

6. AUTHOR(S)

Huade Walter Yao

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER

University of Nebraska-Lincoln ;

Research Grants and Contracts Office

303 Administration Building

Lincoln, NE 68588-0430

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER

U. S. Army Research Office -
P.O. Box 12211 | ARO2ZRBod - 11 - EL

Research Triangle Park, NC 27709-2211

—11. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as
an official Department of the Army position, policy or decision, unless so designated by the documentation.

12 a. DISTRIBUTION / AVAILABILITY STATEMENT 12 b. DISTRIBUTION CODE
Approved for public release; distribution unlimited.

1. ABSTRACT (Maximum 200 words)

In this 2-year project, we have determined anisotropic optical dielectric functions of GaN, AIN and Sapphire. It is for
the first time, the ordinary and extraordinary optical constants of the important III-Nitride materials, GaN, AIN and
sapphire, have been determined by variable angle spectroscopic ellipsometry (VASE), in the energy range of 0.75 eV to
6.5 eV. Our results indicate that anisotropic optical. properties are important feature of the GaN and other hexagonal
structured II-nitride materials. The extrabrdinary optical properties of those materials, which were omitted before,
influence in many ways the optoelectronic devices properties made from GaN, AN etc.

We have also discovered a method to characterize the ordinary and extraordinary dielectric optical functions by VASE
under c-plane direction. Our method indicates that the ordinary optical dielectric functions (E L <c>) can be precisely
determined by the isotropic mode VASE measurements at small angles of incidence, e.g., between 20 and 40 degrees,
while the anisotropic dielectric functions (E | | <¢>) can be detected most-sensitively at large angles of incidence (near the
pseudo-Brewster angle).

14. SUBJECT TERMS 15. NUMBER OF PAGES
Optical Properties; GaN; AIN; Sapphire; Anisotropic optical response; Ordinary and

extraordinary dielectric functions; Variable angle spectroscopic ellipsometry (VASE). 6

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OR REPORT ON THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev.2-89)

Prescribed by ANSI Std. 239-
18 298-102




MASTER COPY: PLEASE KEEP THIS "MEMORANDUM OF TRANSMITTAL" BLANK FOR REPRODUCTION
PURPOSES. WHEN REPORTS ARE GENERATED UNDER THE ARO SPONSORSHIP, FORWARD A COMPLETED
COPY OF THIS FORM WITH EACH REPORT SHIPMENT TO THE ARO. THIS WILL ASSURE PROPER
IDENTIFICATION. NOT TO BE USED FOR INTERIM PROGRESS REPORTS; SEE PAGE 1 FOR INTERIM PROGRESS
REPORT INSTRUCTIONS.

MEMORANDUM OF TRANSMITTAL

U.S. Army Research Office

ATTN: AMXRO-ICA (Hall)

P.O. Box 12211

Research Triangle Park, NC 27709-2211

B Reprint (Orig + 2 copies) [] Technical Report (Orig + 2 copies)
B Manuscript (1 copy) B Final Progress Report (Orig + 2 copies)
[ ] Related Materials, Abstracts, Theses (1 copy)
CONTRACT/GRANT NUMBER: DAAG55-98-1-0462

REPORT TITLE:

Optical Properties of GaN and Other III-Nitride Semiconductor Materials Studied by Variable Angle Spectroscopic
Ellipsometry

is forwarded for your information.

SUBMITTED FOR PUBLICATION TO (applicable only if report is manuscript):

Sincerely,




OPTICAL PROPERTIES OF GaN AND OTHER [I-NITRIDE
SEMICONDUCTOR MATERIALS STUDIED BY VARIABLE ANGLE
SPECTROSCOPIC ELLIPSOMETRY

FINAL PREGRESS REPORT

Huade Walter Yao
November 26, 2000

U.S. AMRY RESEARCH OFFICE
DAAG55-98-1-0462

University of Nebraska

Department of Electrical Engineering

APPROVED FOR PUBLIC RELEASE:
DISTRIBUTION UNLIMITED

THE VIEWS, OPINIONS, AND/OR FINDINGS CONTAINED IN THIS REPORT ARE
THOSE OF THE AUTHOR(S) AND SHOULD NOT BE CONSTRUED AS AN OFFICIAL
DEPARTMENT OF THE ARMY POSITION, POLICY,OR DICISION , UNLESS SO
DESIGNATED BY OTHER DOCUMENTATION.




1. List of Appendixes
1. Reprints of publication in Material Research Society Symposium Proceeding:

Optical Anisotropy of GaN/sapphire Studied by Generalized Ellipsometry and Raman
Scatterz'ng C.H. Yan, HW. Yao, .M. Van Hove, A.M. Wowchak, P.P. Chow, J.M.
Zavada, SPIE Proceeding, 3621, 73-84 (1999).

2. Reprints of publication in Journal of Applied Physics:

Anisotropic Optical Responses of Sapphire ( o-ALO;) Single Crystals H, Yao, and C.H.
Yan, . Appl. Phys. 85, 6717-6722 (1999),

4. Reprints of publication in SPIE Symposium Proceeding:

Optical properties of AIN/sapphire grown at high and low temperatures studied by variable
angle spectroscopic ellipsometry and micro Raman scattering  C. H. Yan, H. Yao, A. C.
Abare, S. P, Denbaars, J. J. Klaassen, M. F. Rosamond, P. P. Chow, J. M. Zavada, SPIE
Proceedings 3938, 113-123 (2000).

5. Reprints of publication in Journal of Applied Physics:

Variable Angle Spectroscopic Ellz'psometry C.H. Yan, H. Yao,]. M. Van Hove, A. M.
Wowchak, P. P, Chow, J. M. Zavada, , ]. Appl. Phys 3463-3469 (2000).

6. Preprints of manuscript submitting to Journal of Applied Physics:

Extraordinary optical dielectric functions of anisotropic hexagonal GaN film determined by
variable angle spectroscopic ellipsometry C. H. Yan, H. Yao, , J. M. Van Hove, A. M.
Wowchak, P. P. Chow, J. M. Zavada, J. Appl. Phys, submitted, (2000).

7. Copy of cover page of the Ph.D. Dissertation:

Optical Characterization of Anisotropic III-Nitride Wide Band-Gap Semiconductors and
Related Materials by C.H. Yan, supervised by Prof. H. Walter Yao

2. Statement of problems studied




results of this study.
A.  Ordinary and extraordinary optical dielectric functions of GaN

The wide band gap semiconductor GaN is an important material for light emitting
device applications in the green, blue and UV regions. GaN films grown on sapphire
substrates usually have hexagonal structure, which is optically anisotropic. The ordinary
optical dielectric functions of GaN have been studied intensively since 1960’s.. But the
extraordinary dielectric functions of GaN, on the other hand, are not well documented.

extraordinary response of GaN. However it may be lack of accuracy because not only
reflectance is an intensity sensitive method, but also it is lack of sensitivity on surface
roughness.

In this work, variable angle spectroscopic ellipsometry (VASE) has been employed to
study the ordinary and extraordinary optical dielectric responsé of hexagonal gallium nitride
(GaN) thin film grown on c-plane sapphire substrates (0-ALO;) by molecular beam epitaxy
(MBE). Room temperature VASE measurements were made, in the range of 0.75 to 6.5 eV, at
the angle of incidence in between of 20 and 80 degree. VASE data simulations by isotropic
and anisotropic models indicate that the ordinary optical dielectric functions (E L <c>) can be
precisely determined by the isotropic mode VASE measurements at angles of incidence
between 20 and 40 degrees while the anisotropic dielectric functions (E 'l <c>) can be
detected most-sensitively at large angles of incidence (near the pseudo-Brewster angle). Thus
the ordinary and extraordinary optical dielectric functions are precisely determined by
standard VASE measurements in the range of 0.75 to 6.5 eV. The surface roughness was also
considered in the VASE data analysis in order to separate it from the anisotropic effect. The
VASE data is analyzed by a model dielectric function based on the GaN critical point
structure, which allows for a non-zero extinction coefficient k below the band gap. The
thicknesses of these GaN films are accurately determined via the analysis as well.

B. Anisotropic optical respone of AIN

Variable angle Spectroscopic ellipsometry (VASE) and micro Raman scattering have
been employed to study the optical anisotropy and optical constants of AlN films grown at
high and low temperatures (HT and LT). The AIN films were grown by metalorganic vapor
phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) on c-plane sapphire (a-AlL,0,)
substrates, respectively. Anisotropic optical phonon spectra of AIN have been measured
along two directions so that the optical axis <c> of AIN is either perpendicular or parallel to
the polarization of the incident beam., Nonzero off-diagonal elements A, and A, of Jones
matrix in the reflection VASE (RVASE) measurements indicate that the <c>of AlN is slightly
away from surface normal due to substrate miscut. The ordinary optical constants of both
HT AIN have been determined spectroscopic ellipsometry at small angles of incidence so that




“the extraordinary response is greatly reduced. The film thickness along with the surface
overlayer was determined via the VASE data analysis as well.

C. Anisotropic optical properties of Sapphire (a-AlLO,)

Sapphire crystals have many attractive properties that make them widely applied in
solid-state device fabrications. More recently, due to the dramatic progress in the GaN
related blue LEDs and lasers field, sapphire as a good substrate candidate becomes even
more important than the past since its crystal structure is similar to GaN and allows to realize
a small lattice mismatch growth.

Anisotropic dielectric functions of sapphire have been determined by both reflection
and transmission variable angle spectroscopic ellipsometry. The measurements were made
on a-plane (2170) sapphire substrates in the energy range of 0.75 eV to 6.5 eV at room
temperature. The orientation of the optic axis of the a-plane sapphire sample was
determined by polarized Raman scattering based on which the Euler angles are set for the
fitting model. Two pairs of Cauchy user-defined functions were constructed to describe the
optical constants of both ordinary n,(®) and extraordinary n, (o) rays, respectively. The
resulted optical constants from the generalized ellipsometry analysis are in good agreement
with the reported data. The Kramers—Kronig (KK) relation between the real part and the
imaginary part have been carefully checked for both ordinary and extraordinary rays. The
perfect fitting between the calculated and experimental €,(w) function indicates that both -
functions of ordinary and extraordinary are KK consistent. The refractive index difference
between the ordinary and extraordinary rays is close to a constant (+0.008), which is mainly
determined by the off-diagonal signal of the transmission ellipsometry data. The extinction
coefficients are zero below 6 eV, and increase rapidly above 6 eV.

3. Summary of most important results

There are two most important results from this two-year studies:

1. Anisotropic dielectric optical constants of GaN, AIN and Sapphire

It is for the first time, the ordinary and extraordinary optical constants of the important
III-Nitride materials, GaN, AIN and sapphire, have been determined by VASE. Our results
indicate that anisotropic optical properties are important feature of the GaN and other
hexagonal structured Ill-nitride materials. The extraordinary optical properties of those
materials; which were omitted before, influence in many ways the optoelectronic devices
properties made from GaN, AIN etc.

2. Nondestructive method of characterize optical properties of uniaxial structured
semiconductor materials

It has been well known a difficult task to precisely determine the optical properties of
uniaxial structured semiconductor materials, especially when the c/a ratio is small. We have
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“discovered a method to characterize the ordinary and extraordinary dielectric optical

functions by VASE under c-plane direction. Our method indicates that the ordinary optical
dielectric functions (E L <c>) can be precisely determined by the isotropic mode VASE -
measurements at small angles of incidence, e.g., between 20 and 40 degrees, while the
anisotropic dielectric functions (E I'l <c>) can be detected most-sensitively at large angles of
incidence (near the pseudo-Brewster angle).
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Optical anisotropy of GaN/sapphire studied by generalized ellipsometry
and Raman scattering
Chunhui Yan@, H. Walter Yao'2, James M. Van Hoveb, Andrew M. Wowchakb, Peter P. Chowb,
John M. Zavada®

aUniversity of Nebraska, Center for Microelectronic and Optical Material Research,
and Department of Electrical Engineering, Lincoln, NE 68588

bsvT Associates, Eden Prairie, MN
CEuropean Research Office, London, UK

ABSTRACT

Generalized variable angle spectroscopic ellipsometry (VASE) and Raman scattering have been employed to study the optical
anisotropy of GaN/Sapphire structures. The GaN films were grown by hydride vapor phase epitaxy (HVPE) and molecular
beam epitaxy (MBE) on both m-plane and c-plane sapphire (0-Al,O3) substrates, respectively. Anisotropic optical phonon
structure of sapphire have been measured, based on which the optical axis of sapphire substrate has been determined. A 541
em TO phonon of GaN grown on m-plane sapphire substrate has been discovered experimentally which is due the coupling
of Aj and E; TOs. Optical axis orientation of GaN film on m-sapphire has been fully determined by the anisotropic angular

dependence of the coupled TO phonon. Off-diagonal elements Apg and Agp of transmission VASE (TVASE) are very
sensitive parameters related to the optical anisotropy. The optical axis orientation of GaN on m-sapphire has also been
accurately determined by TVASE at two special sample positions. The optical anisotropy due to GaN film and sapphire
substrate has been successfully separated at 90° sample position allowing to study the optical anisotropy of GaN film only.

Keywords: GaN, sapphire, Raman scattering, generalized ellipsometry, optical anisotropy
1. INTRODUCTION

The wide band gap semiconductor GaN and related materials, with their excellent thermal conductivity, large
breakdown field, and resistance to chemical attack, have a very promising application potential for both high temperature

electronic devices and short wave-length optical emitters. 12 The recent development of high-brightness, blue and green light

emitting diodes (LEDS),3' room temperature pulsed4' and continuous-wave (CW)S' quantum well lasers has greatly encourage
researchers to continue the work on these materials. Most of the GaN films were grown on c-plane sapphire substrates, and
they usually have wurtzite crystal structure (o-GaN), which is anisotropic (uniaxial). Several valuable optical property

studies have been carried out on the GaN/c-sapphire structure by both Raman® and ellipsometry?'. However, there are not
much data available about the optical anisotropy of GaN possibly due to the shortage of GaN samples grown on sapphire
substrates other than c-plane orientations. For GaN/c-sapphire case, it is difficult to study the optical anisotropy of GaN film
since the polarization of most of the probe light-wave is perpendicular to the optical axis <e>. For GaN grown on m-plane
sapphire, on the other hand, its optical axis <¢> is certain degree away from the surface normal as pointing out by Matsuoka
et alg', which provides the possibilities for the optical anisotropy study. It was found that the crystal orientation relation
between GaN and m-plane sapphire is (0113)/ (0170) as the interface plane, and [0332]/[2110] as the in-plane orientation
preference. Most importantly, it was concluded that GaN grown on m-plane sapphire has a smoother surface, lower
background carrier concentration and stronger PL intensity which indicate that GaN grown on m-plane is superior than on ¢-

plane sapphire substrates.. In this work, based on our previous optical anisotropy study of sapphireg‘, a GaN/m-sapphire

* Correspondence: H. Walter Yao, Email: wyao@Sandia.gov, or hyaol@unl.edu; telephone: 925-294-2169; Fax: 925-294-
1489




sample grown by HVPE has been studied by Raman scattering and generalized ellipsometry. The optical axis orientation of
GaN film grown on m-plane sapphire has been fully determined by both anisotropic coupled TO phonon and the off-diagonal
elements of transmission Jones matrix.

2. Theory

2.1 Raman Scattering

It is well known that sapphire and GaN are all optically anisotropic (uniaxial) materials due to their rhombohedral and

waurtzite crystal structures. Group theoretical analysis shows that the irreducible representation for the optical modes of

sapphire is'®

I'=A1g+2A14 +3A2g +5Eg +4E,;, 1)
and the irreducible representation for the acoustical modes is Ay, + E,. Since the unit cell has center-of-inversion symmetry,
all vibrations that are Raman allowed are infrared forbidden and vice versa. More specifically, two A}y modes and five Eg

modes are Raman active only, while two Ay, modes and four E; modes are infrared active only. The A, and Ay, vibrations
are neither infrared nor Raman active.

The irreducible representation of Wurtize GaN optical phonons is: 1

' =A1(z)+2B1 +Eq(x,y)+2Ey, ¥)
for phonon propagating along or perpendicular to the optical axis <¢>. Where x, y, z in parentheses repent the directions of
phonon polarization. The A and E; modes are both Raman and infrared active, two E; modes are only Raman active, and

B modes are both Raman and IR silent. Using selection rules of the anisotropic phonon structures of sapphire and GaN, the
optical orientation can be quickly determined.

2.2 Generalized Ellipsometry
The variable angle spectroscopic ellipsometry is designed to accurately determine the values of two standard ellipsometry
parameters W and A , which are related to the complex ratio of reflection (or transmission) coefficients for light polarized

parallel (p) and perpendicular (s) to the plane of incidence.!> For isotropic material systems,
p= _R—P_ = tan(y)e!®. 3)

S
The electric-field reflection coefficient at an incident angle of ¢ is defined as r;, (r) for p (s)- polarized light. They are the
diagonal elements of Jones matrix,

r, O
—|P
Dgammple = [ ; ] @
The y and A are not only dependent on material dielectric responses, also on the surface condition, sample structure, and

other properties such as the optical anisotropy.

For the anisotropic material system, the non-diagonal elements of Jones matrix are not necessary to be zero. In the

transmission VASE configuration,
t t
PP sp
= . 5
U]sample {tps tss} &)
By using the same approach with considerably more algebra involved, we can still predict the y and A values, but the

Fourier coefficients related to y and A become more complicated.”‘ The generalized ellipsometric parameters are defined as
below:

t .
Ant =22 = tan yppe nE, ©
SS
tog iA
Apst = _tP_ =tanypse ps, Y
PP




tg iA
Agpt = t_P =tanygpe P, ®)
ss

where the Apg and Agpy describe how much amount p- or s-polarized light becomes s- or p-polarized light after the
transmission, respectively. If the optical axis is strictly either perpendicular (perfect c-plane situation) or parallel to the
electric field of the incident beam, the Jones matrix is diagonal. While it may not true for GaN films grown on non c-plane
sapphire substrates, such as m-plane sapphire substrates since the optical axis of both GaN and sapphire may form an angle
respect to the incident polarization so that the off-diagonal elements of Jones matrix may not vanish. The off-diagonal

elements A and Agp are dependent on sample position, angle of incidence, which can be used to determine the optical axis

orientation of crystals. Generalized ellipsometry was first introduced by Azzam and Bashara.'* The recent developments

makes this technique more complete and powerful.ls" 16 Ina word, the Generalized ellipsometry is a technique which can be

used to determined all the elements of Jones matrix of arbitrarily anisotropic and homogeneous layered systems with
nonscalar dielectric susceptibilities.

3. Experiments

The Raman spectra were taken at room temperature with a SPEX 1877E triple spectrometer equipped with a liquid-nitrogen
cooled CCD camera. The excitation light source was an Ar+ laser operating at 488 nm with the output power kept at 150
mW. A back scattering geometry was employed for all the Raman measurements.

The GaN films used in this work were grown by both HVPE and MBE on m-plane and c-plane sapphire substrates. The
backside of the substrate was polished so that the transmission type VASE measurements could be made. The TVASE
optical measurements of anisotropic mode were performed in the energy range of 0.75eV to 4eV with a 0.03eV increment at
room temperature since the sample is opaque above the GaN band gap 3.4eV. A rotational sample stage allowed us to take
the data from different sample positions marked by the angle between the optical axis <c¢> and the x-axis of the lab
coordinates. Multiple angles of incidence from -30° to +30° were used in order to see the angular dependence of the optical
anisotropy of the GaN/m-sapphire sample.

4. Results and discussion
4.1. Optical phonons of sapphire and GaN

Raman scatterlng is a nondestructive technique used to detect the lattice vibration modes related with crystal orientation and
symmetry. A series of Raman scattering measurements have been carried out on c-plane and a-plane sapphire samples. The
spectrum of Raman scattering on a c-plane sapphire at back-scattering geometry Z(Y,Y +X)Z are shown in Fig. 1(a). A
similar Raman phonon spectrum shown in Fig. 1(b) was obtained from an a-plane sapphire with its optical axis perpendicular
to the polarization of the incident laser beam. While a different spectrum shown in Fig. 1(c) was obtained from the same a-
plane sapphire with the optical axis parallel to the polarization. Only two TOs appeared for this configuration, and the 645

cm’ (LO, Alg) is a new phonon which is forbidden in both Fig 1(a) and Fig 1(b) configurations. This indicates that the

645 cm’! (LO) mode is allowed or forbidden when the optical axis of the a-plane sample is parallel or perpendicular to the
polarization of the Raman probe, respectively.

Optical phonons of GaN films grown on c- and m-plane sapphire substrates are shown in Fig. 2. The dash line refers to the
GaN on c-plane sapphire, a E; and a A} LO phonon are observed at 569 cm’ ! and 734 cm 1, respectively. They are

17.

consistent with reported values.” "~ The solid line represents GaN grown on m-plane sapphire substrate. Except the E; and

E; TOs, a new 541 em™! appeared in the spectrum, which was never reported as the experimental result. Notice that this
phonon is not any of the standard zone center phonons propagating along or perpendicular to the optical axis <e> !t
According to Loudon’s theory,ls' this one belongs to a coupled mode of two TO phonons (A; TO and E; TO) when the
angle 6 between phonon propagation direction <q> and the optical axis <c> is in between of 0° and 90°. For non-zero 6
values, the coupled modes satisfy the followings:

02(TO;) = 02(A1(TO))sin? 8 +02(E1(TO)) cos 0 ©)
©%(TOy) = ©%(E1(TO)) (10)
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where the TO; is the new coupled TO phonon with a strong 6 angular dependence, and the ®(TO,) is same as &(E; TO).

Applying equation (9) to the measured 541 cm’! coupled TO phonon mode, the related angle 6 is about 58°.
pp q

In the back scattering geometry, the phonon wave vector <g> is perpendicular to the sample surface. In order to located the
orientation of <¢> of GaN (<c>p), the reference direction <c> of sapphire (<c>s) has to be determined first. Based on the
analysis of Fig. 1, we can use the 645 cm’! LO phonon of sapphire to find the <¢>g position. As shown in Fig. 3, The 645
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Fig. 2. Optical phonons of GaN films. Dash line is for GaN on c-plane sapphire; solid line is for GaN on m-plane sapphire. 541 cm’
is the coupled TO phonon of A; and E; TOs.

em™ LO of sapphire is forbidden when <c¢>g perpendicular to the polarization (dash line), and it is allowed as <c> parallel to
the polarization (solid line). Therefore a reference plane can be formed by <gq> and <c>;, which is perpendicular to the

sample surface. The task now is to determine where the <c>g locates at, either in the reference plane or in the plane which is
perpendicular to both sample surface and the reference plane, or in some intermediate plane. This problem can be solved by

tilting the sample to change the angle 6. If <c¢> is in the reference plane, by rotating the sample about the x-axis which is
perpendicular to the reference plane will result in a maximum angle 8 change, which should create a different coupled TO
phonon according to the equation (9). But the coupled TO frequency will keep unchanged when rotate the sample about the
<¢>5. In fact, this is the case for the GaN/m-sapphire sample we have, as shown in Fig. 4 (a). The solid line refers to the

Raman data of the untilted sample case, which has the coupled TO at 541 cm™!. The other dash lines refer to the -20°, -30°,
20°, and 30° tilted sample cases, which show that the coupled TO phonon moves either to higher or lower wave number
indicating the angle 8 is changed correspondingly with the sample rotations. The coupled TO wave number keeps

unchanged while rotates the sample about the <¢> in our experiment. The calculated and experimental values of the coupled
TO phonon frequency as a function of angle 8 is plotted in Fig. 4 (b). Notice that the relation between 0 and o is untrue for
6=58"ta, (11)
where o is the tilting angle. In stead,
6 = 58° +arcsin[sin() / ng] (12)
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Fig. 3. Optical phonons of GaN film grown on m-plane sapphire substrate at two sample positions respect to the polarization. Dash
line represents <¢>s 1 E; case where 645 em™! LO of sapphire is forbidden, and solid line represents <¢>; || E; case, where the 645

em™ LO of sapphire is allowed.

is true when the sample is tilted away o degree. Where ng = 2.4 is the refractive index of GaN at the probe laser wavelength

(488nm). By taking account the interface refraction effect on the <q> direction, the experimental data is in good agreement
with the theory.

4.2. Generalized ellipsometry of GaN/m-sapphire

Optical anisotropy can also be measured by generalized ellipsometry, especially the transmission type measurements for
transparent materials. The TVASE data of an a-plane sapphire are shown in Fig. 5 as a good example. The data were
obtained at 0°, 1° and 60° sample positions in the range of 0.75 eV to 5.8 eV. The angle of incidence are 20° and 30°,

respectively. It can be seen clearly in Fig. 5 (c) that the off-diagonal elements At and Ay of the Jones matrix have large v
values indicating the existence of the optical anisotropy in sapphire crystal. The magnitude of the off-diagonal signal in Fig.
5 (b) is still in reasonable size even for only about 1° difference between <c¢>g and x-axis. The zero Apst and Agyt in Fig. 5 (a)
are obtained at the sample position of <¢>; || x (the same result for <¢> 1 x). By finding the zero Apg; and Agp, position, the

optical axis of sapphire can thus be fully determined. The results from Fig. 5 agree each other very well with Raman analysis
in Fig. 1, but with more accuracy (<1°). The one drawback of TVASE method for determining the optical axis is that
TVASE can not distinguish the 0° and 90°position since all the off-diagonal elements are zero at these two positions.

In order to reveal the optical anisotropy of GaN, a series of anisotropic mode TVASE measurements have been made on the
GaN/m-sapphire sample, as shown in Fig. 6. The selected typical data here are taken from four sample positions: 0°, 1°, 90°
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Fig 4. (a) Anisotropic angular dependence of the coupled TO phonon of GaN grown on m-plane sapphire. The sample was rotated
about the x-axis which is in the sample surface plane and perpendicular to the sapphire optical axis <¢>.

and 92°, as shown in Fig. 6. The angle o is between <c>g and x-axis. The spectra are cut off at about 3.4 eV since no
transmission above the GaN band gap. Multiple angles of incidence (0°, 10°, 20° and 30°) have been used for collecting
strong off-diagonal signal. At 0° position shown in Fig. 6 (a), the off-diagonal elements Aps; and Agp are all zero. A clear
conclusion can be drawn from Fig. 6 (a) is that the optical axis of GaN <¢>, must lay in the plane of incidence somewhere
between x-axis and z-axis, since <¢>g could be along neither x-axis nor y-axis direction for the zero Apgt and Agpt, and we
already know from Raman scattering that the angle between <c>g and <¢>; is larger than zero and less than 90°. Recall the
calculation result based on the coupled TO phonon mode at 541 em™! and equation (9), the angle 6 between <g> and <c>; is

about 58°. We now also know that the so-called reference plane formed by <q> and <c¢> defined previously is the plane of
incidence. Therefore, The orientation of <e>g can be fully determined, which is in the reference plane (or the plane of
incidence) and 32° away from <c> (or x-axis). To test the accuracy of this measurement, another TVASE data was taken at
1° position as shown in Fig. 6 (b). The sizable Ay and Agpt were detected at all the angles of incidence indicating the

sensitivity of TVASE is high enough. At a larger angle position, much bigger pairs of Ay and Agyt can be obtained, which
is a good evidence of the optical anisotropy of the whole structure. However, it is difficult to know how much anisotropy

comes from GaN at these positions. Because of the special orientation relationship between <¢>g and <¢> for GaN on m-
plane sapphire, the 90° position can serve very well for this purpose as shown in Fig. 6 (c). The nonzero Apg and Agpt
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Fig. 4 (b) A comparison of the coupled TO positions from the theoretical calculation and the experimental data.

appeared in Fig. 6 (c) are purely due to the anisotropy of GaN film, since the contribution from sapphire substrate to the Apg
and Agp, is zero. Data in the Fig. 6 (c) is very valuable especially for GaN dielectric functions study. Only two degree away

from the 90° position, the Apg and Agp are modified by the sapphire substrate dramatically as shown in Fig. 6 (d). This
indicates that the optical axis orientation of GaN can be determined accurately.

The angle of incidence dependence of the optical anisotropy is showed in Fig. 7 (a) and (b) refer to two sample positions, 0°
and 90°, respectively. The TVASE data was taken at three photon energies of 1.0 eV, 1.6 eV, and 2.2 eV (arbitrary chosen
below GaN band gap). The angular increment is 1°. In Fig. 7 (a), the off-diagonal elements are zero in the whole angular

range. This is due to that the <¢>; and <c¢> are all in the plane of incidence. In Fig. 7 (b). A different behavior is observed
for the same three wavelengths below the band gap. This is because that the optical axis of GaN is in the plane perpendicular
to both the sample surface and the plane of incidence. As discuss previously the magnitude of Apg and Agy are all
contributed by GaN. The Ay and Agp are zero at normal incidence at 90° position which is again the proof of <¢>; in the

reference plane. The bigger Apg and Agpy values at larger angle of incidence suggest that a large angle of incidence is usually
a better choice for measuring the optical anisotropy by TVASE.

According to the data analysis of both Raman scattering and TVASE, the growth configuration of this GaN/m-sapphire
sample is (0113)/(0001) as the interface plane, and [0332]/[0110] as the in-plane orientation preference, which is different
from the reported structure configuration (01 13)/(0110) as the interface plane, and [0332]/{2110] as the in-plane
orientation preference. we consider this is the other option for GaN grow on m-plane sapphire substrates.




70 I I | I | I

50 - =

30} @) 0=0" -

1 0 = Apst & Aspt ]

50 - .

30
10

v (degree)

60 -

20

_20 ] ] 1 ] 1 I 1 ] ) ] 1 ] 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Photon Energy (eV)

Fig.5. Transmission VASE data of an a-plane sapphire at the angle of incidence of 20° and 30°, respectively. (a) a=0° (b) 0=1°; (c)
a=60°. a. is the angle between the optical axis and x-axis of the lab coordinates.

5. Summary

Optical anisotropy nature of GaN films grown on m-plane sapphire substrates was characterized by Raman scattering and

generalized variable angle spectroscopic ellipsometry. A 541 em™ phonon of GaN due to the TO coupling was observed
experimentally and it agrees very well with the theoretical prediction. The coupled TO phonon of GaN film grown on m-
plane sapphire substrate is a good signature of its optical anisotropy, and the angular dependence relation can be used to
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Fig. 6. Transmission VASE data of GaN/m-sapphire at the angle of incidence of 0°, 10°, 20° and 30°, respectively. (2)<c>s 0° off x-
axis; (b) <c>; 1° off x-axis; (c) <e¢>s 90° off x-axis; (d) <c¢>s 92° off x-axis. Aps and Agy are the off-diagonal elements of transmission
Jonse matrix.

determine the location of <¢>g. It is also found that the off-diagonal elements of transmission type Jones matrix are very
sensitive to both the sample position and the angle of incident. The optical axis of GaN is fully determined by using the

null Apg; and Agpt position at 0%, which is in good agreement with the result from the angular dependence Raman scattering.
According to the analysis of both Raman and TVASE, the <c¢>; of GaN on m-plane sapphire lies in the reference plane
defined by <q> and <c>g, and it is 32° away from the <¢>;. TVASE measurement at 90° position has given non-zero Apg
and Agp; which are purely due to the anisotropy of GaN film, this kind of data will be very important for the future studies of
anisotropic dielectric functions of GaN. A new growth configuration of GaN on m-plane sapphire has been observed as
(0113)/ (0001), and [0332]/[0110]for the interface plane and in-plane orientation preferences.

Acknowledgments

This work was supported by US Army Research Office under Grant No. DAAG55-98-1-0462.
We thank Dr. Richard J. Molnar at MIT Lincoln Laboratories for providing GaN/m-sapphire samples for this study.

10




50 [ T | T T T | | | | | J
40 — AnEt n
30 — Expat2.2eV -
L (@) <C> 11X e Exp at 1.6 eV -
201} --- Expat1.0eV _
@ 10 -
(]
o n
m ] ] )
[ LR
3 _ e
> 40+ AnEt -
30 —— Expat2.2eV 7
_ (b)<C> LX Exp at 1.6 eV -
20 S --- Expat1.0eV _

-30 -20 -10 0 10 20 30

Angle of Incidence (°)

Fig. 7. Incident angular dependence of Aps and Ay of GaN/m-sapphire at 1.0, 1.6, and 2.2 eV, respectively. (a) <e>g{] x, (b) <e>s L x.

References

1. H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M, Burns, “Large-band-gap SiC, lII-V nitride, and II-VI
ZnSe-based semiconductor device technologies,” J. Appl. Phys. 76, pp. 1363-1398, 1994.

2. S. Nakamura, T. Mukai, and M. Senoh, “Candela-class high-brightness InGaN/AlGaN double-heterostructure blue-
light-emitting diodes,” Appl. Phys. Lett. 64, pp. 1687-1679, 1994.

3. S. Nakamura, M. Senoh, N. Iwasa, and S. Nagahama, “High-Brightness InGaN Blue, Green and Yellow Light-Emitting
Diodes with Quantum Well Structures,” Jpn. J. Appl. Phys. 34, pp. L797-L799, 1995.

4. S.Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T. Matsushita, H. Kiyoku and Y. Sugimoto, “InGaN-
Based Multi-Quantum-Well-Structure Laser Diodes,” Jpn. J. Appl. Phys. 35, pp. L74-L76, 1996.

5. S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T. Matsushita, H. Kiyoku, Y. Sugimoto, T. Kozaki, H.
Umemoto, M. Sano, and K. Chocho, “Continuous-wave operation of InGaN/GaN/AlGaN-based laser diodes grown on
GaN substrates,” Appl. Phys.Lett. 72, pp.2014-2016, 1998.

11




10.
1.

12.
13.

14.

15.
16.

17.

18

Z. C. Feng, M. Schurman, R. A. Stall, M. Pavlosky and A. Whitley, “Raman scattering as a characterization tool for
epitaxial GaN thin films grown on sapphire by turbo disk metal-organic chemical vapor deposition,” Applied Optics 36,
pp. 2917-2922, 1997.

T. Kawashima, H. Yoshikawa, S. Adachi, S. Fuke, and K. Ohtsuka, “Optical properties of hexagonal GaN,” J. Appl.
Phys. 82, pp. 2528-3535, 1997.

T. Matsuoka, “Lattice-matching growth of InGaAIN systems,” Mat. Res. Soc. Symp. Proc. 395, pp. 39-50, 1996.

H. Yao, C. H. Yan, S. P. Denbaars, J. M. Zavada, “Optical anisotropy studies of sapphire by Raman scattering and
spectroscopy transmission ellipsometry,” Mat. Res. Soc. Symp. Proc. 512, pp. 411-416, 1998.

S. P. S. Porto and R. S. Krishnan, “Raman effect of corundum,” J. Of Chem. Phys. 47, pp. 1009-1012, 1967.

T. Azuhata, T. Sota, K. Suzuki and S. Nakamura, “Polarized Raman spectra in GaN,” J. Phys.: Condens. Matter 7, pp.
L129-L133, 1995.

R. M. A. Azzam and N. M. Bashara, Ellipsometry and Polarized Light, North-Holland, Amsterdam, 1977.

M. Schubert, B. Rheinlander, J. A. Wollam, B. Johs, and C. M. Herzinger, “Extension of rotating analyzer

ellipsometry to generalized ellipsometry: determination of the dielectric function tensor from uniaxial TiO5,”J. Opt. Soc.
Am. A13, pp. 875-883, 1996.

R. M. A. Azzam, and N. M. Bashara, “Generalized ellipsometry for surface with directional preference: application to
diffraction gratings,” J. Opt. Soc. Am. 62, pp. 1521-1523, 1972.

D. W. Berreman, “Optics in stratified and anisotropic media: 4x4 matrix formulation,” J. Opt. Soc. Am. 62, pp. 502-

K/}O Sc]l19u7b2e'rt, “Polarization dependent parameters of arbitrarily anisotropic homogeneous layered systems,” Phys. Rev. B,
53, pp. 4265-4274, 1996.

G. H. Wei, . Zi, K. M. Zhang, X. D. Xie, “Zone-center optical phonons in wurtzite GaN and AIN,” J. Appl. Phys. 82,
pp. 4693-4695, 1997.

. R. Loudon, “The Raman effect in crystals,” Advan. Phys. 13, pp. 423-482, 1964.

12




' 2

JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 9 1 MAY 1999

Anisotropic optical responses of sapphire («-Al,03) single crystals
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Anisotropic dielectric functions of sapphire have been determined by both reflection and
transmission variable angle spectroscopic ellipsometry. The measurements were made on a-plane

(21710) sapphire substrates in the energy range of 0.75-6.5 eV at room temperature. The orientation
of the optic axis of the a-plane sapphire sample was determined by polarized Raman scattering
based on which the Euler angles are set for the fitting model. Two pairs of Cauchy user-defined
functions were constructed to describe the optical constants of both ordinary n,(w) and
extraordinary n,(w) rays, respectively. As a result the optical constants from the generalized
ellipsometry analysis are in good agreement with the reported data. The Kramers—Kronig (KK)
relation between the real and the imaginary part have been carefully checked for both ordinary and
extraordinary rays. The perfect fitting between the calculated and experimental €;(w) function
indicates that both functions of ordinary and extraordinary rays are KK consistent. The refractive
index difference between the ordinary and extraordinary rays is close to a constant (+0.008), which
is determined mainly by the off-diagonal signal of the transmission ellipsometry data. The
extinction coefficients are zero below 6 eV, and increase rapidly above 6 eV. © 1999 Armerican

Institute of Physics. [S0021-8979(99)01409-7]

1. INTRODUCTION

Sapphire crystals have many attractive properties that
make them widely applied in solid-state device fabrications.
More recently, due to the dramatic progress in the GaN re-
lated blue light emitting diodes (LEDs) and lasers field, sap-
phire as a good substrate candidate has become even more
important than in the past since its crystal structure is similar
to GaN and allows us to realize a small lattice -mismatch
growth.

It is essential to have precise measurements of the opti-
cal constants of sapphire for further optical study on GaN
and related materials, since the optical dielectric response is
of utmost imponancé for optoelectronic device design. Be-
cause of the rhombohedral structure of both GaN and sap-
phire crystal, they are optically anisotropic (uniaxial). To
study the optical properties of GaN film grown on sapphire
substrate, it is necessary to have the knowledge of the optical
response of sapphire. This is the main purpose of our study
on sapphire. Although the optical properties of sapphire have
been studied since 1958' and continue to receive
attention,”~* most of the results are about the ordinary optical
response (the optical axis is perpendicular to the light polar-
ization). The current state of the optical measurements of the
extraordinary response is still less than adequate; only sev-
eral discrete values are available which were obtained by the
traditional prism method.> Another work® does present the
extraordinary response in a fairly wide energy range, but the
range of experimental data is limited to 1.2-5.4 eV, and only
the normal reflection ellipsometry was employed in their
work, which does not have very high sensitivity for the de-

“Electronic mail: hyao@unl.edu

0021-8979/99/85(9)/6717/6/$15.00

termination of the deference of the refractive index between
the ordinary and extraordinary rays. Therefore, more precise
optical measurements are needed to determine accurately the
anisotropic response in a wider photon energy range.

In this work, we report the determination of room-
temperature anisotropic optical constants of sapphire crystal
in the energy range of 0.75-6.5 eV by intensity transmission,
reflection variable angle spectroscopic ellipsometry (R-
VASE), and transmission VASE (T-VASE). All the mea-
surements were taken from a-plane sapphire samples. The
optical constants were extracted from VASE analysis of all
three types of measurements by a multiple-sample, multiple-
model method.

Il. EXPERIMENTS

Two pieces of a-plane (2110) sapphire substrates were
used in our optical measurements. A single-side polished one
was for R-VASE, and the other double-side polished one
was for intensity transmission and T-VASE measurements.
For these a-plane samples, the optic axis (c) is parallel to the
sample surface, and it will be shown later how the (c) orien-
tation is determined by Raman scattering.

The optical measurements were performed in the energy
range of 0.75-6.5 eV with a 0.03 eV increment. The inten-
sity transmission data were taken under both ()L E; ({c) is
the optic axis, and E; is the electric field direction of the
incident light) and (c)IIE; conditions. The optic axis was set
at 45° horizontal for the R-VASE measurements. A series of
angle of incidences were used from 65° to 75°. The most
important T-VASE measurements were taken at three sample
positions, the angels between {c) and E; being 1°, 60°, and

6717 © 1999 American Institute of Physics
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90°, respectively. Two angles (20° and 30°) of incidence
were used at each sample position.

Polarized Raman scattering was used as a complemen-
tary tool to determine the optic axis orientation of the
a-plane sapphire samples. The probe light was a 488 nm
argon laser beam. The scattered light was detected by a
charge coupled device (CCD) camera under a backscattering
geometry.

Ill. ELLIPSOMETRY BASICS
A. Standard ellipsometry

The variable angle spectroscopic ellipsometry is de-
signed to accurately determine the values of two standard
ellipsometry parameters ¢ and A, which are related to the
complex ratio of reflection (or transmission) coefficients for
light polarized parallel (p) and perpendicular (s) to the plane
of incidence.” For the isotropic material system

R .
p=R—p=tan(¢)e’A- 1)
5

The electric field reflection coefficient at an incident angle of
¢ is defined as R »(R;) for p(s)-polarized light. They are the
diagonal elements of the Jones matrix ‘as
R, O
[-]]sample= OP R: . (2)

The ¢ and A are not only dependent on dielectric functions,
but also on the surface condition, sample structure, and other
properties such as the optical anisotropy of the material.
The pseudodielectric function (€) can be obtained di-
rectly from the measured ¢ and A values
1-p\?
1+p/ |

In the case of an air ambient over a bare bulk material with
an ideal smooth surface, the pseudodielectric and intrinsic
dielectric functions are identical. To determine optical con-
stants of a sample with more complicated structure, VASE
data must be analyzed using a parametric model that is ad-
justed to fit the measured data.”

For the anisotropic material system, the off-diagonal el-
ements of the Jones matrix are no longer zero. In the reflec-
tion VASE configuration, it can be written as

R,, R
— | PP sp
[J]sample_ [Rps Rss]. (4)

By using the same approach with considerably more algebra
involved, we can still predict the ¢ and A values, but the
Fourier coefficients related to ¢ and A become more
complicated,® and similar treatments are needed for the trans-
mission VASE.

(€)=(e))+i(e;)=sin’ @| 1 +1tan’ ¢ (3)

B. Generalized ellipsometry

In principle standard ellipsometry, which is related to
structures which reflect or transmit p- or s-polarized light
into p- or s-polarized light, respectively, can be used to de-
termine both ordinary and extraordinary constants of an an-
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isotropic sample by mounting it in a special manner so that
the optic axis is strictly either perpendicular or parallel to the
electric field of the incident beam.®® The Jones matrix in this
case is strictly diagonal. But there are several problems for
this application. (1) It is hard to make a perfect alignment
since the crystal is usually cut with up to an error of several
degrees so that the off-diagonal elements of the Jones matrix
will not vanish completely. (2) R-VASE cannot directly give
the information of the difference of n, and n,. Especially
for a very small n, —n,, e.g., no—n,=0.008 for sapphire, it
is not reliable to determine the n, —n; only by the standard
R-VASE data which are dominant by the diagonal elements.
(3) For most material analysis, we may deal with thin films
grown on substrates, like GaN on sapphire. This is the sys-
tem which has an anisotropic material on another anisotropic
material, and even if we know the orientation of the optic
axis of the substrate, the optic axis of the GaN film is prob-
ably unknown, and in general it may not overlap with the
substrate optic axis. In this situation, the standard R-VASE is
no longer adequate. Therefore, we need a technique which is
able to detect the off-diagonal elements and also has a cor-
responding model to analyze the data.

Generalized ellipsometry, which was first introduced by
Azzam and Bashara'” can serve this purpose. The recent de-
velopments make this technique more complete and
powerful. "2 In a word, the generalized ellipsometry is a
technique which can be used to determine all the elements of
the Jones matrix of arbitrarily anisotropic and homogeneous
layered systems with nonscalar dielectric susceptibilities.

C. Data type and modeling

Within the generalized ellipsometry, several new terms
have been defined. For reflection ellipsometry, the elements

of the Jones matrix are A,g, A, and Agp
Rp Ry
R R R
[J]sample= { P sp} = Rss ® N
Ryps R Rps Ryp 1
Rpp Rss

— AnE Asp
ndii, )
The A, parameter is the complex ratio of reflection coeffi-
cients similar to p of the isotropic material case. But the Apg
and Ag, are the ratios counting the amount of p- (or s-) po-
larized light that converts to s- (or p-) polarized light after
the reflection from an anisotropic material system. In the
generalized VASE, three pairs of ¢ and A are the measured
parameters, which associate with Az, Ap, and A, respec-
tively. In the same manner, the Jones matrix elements of
transmission VASE are defined as A,z,, Apy, and Ay, Te-
spectively. They also have three pairs corresponding to
and A as the measured parameters.

In order to obtain the optical constants by analyzing the
experimental data, an optical model containing the fitting
parameters that can fully describe sapphire optical property
is needed. Since sapphire is a uniaxial crystal, i.e., it has an
optical axis that is associated with the optical anisotropy. In

5)
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FIG. 1. The Eulerian angles and related coordinates.

addition, since sapphire (a-Al,0;) is chemically stable in
air, no surface oxide layer was considered in the model.
Therefore an one-layer uniaxial sapphire model can be con-
structed by the sample thickness and two sets of optical con-
stants, ordinary n, (w), k,(w) and extraordinary n(w),
ky(w). Once the lab coordinate is selected, the relative spa-
tial orientation of the optical axis of the sapphire sample can
be located by using Euler angles ¢, 6, and ¢, as shown in
Fig. 1. Our lab-fixed axes are the Xy, Yq, Zy. The Z axis is
normal to the sample surface. The X, and Z; axes are in the
plane of incidence. The Y axis is perpendicular to the plane
of incidence. The sample unit-cell-fixed axes are X, Y, and Z.
As shown in Fig. 1, Euler angles ¢, 6, and ¢ correspond to
rotations about the Z axis, then about the new X axis, and
then again about the new Z axis. The uniaxial sapphire model
can be constructed either based on c-plane or a-plane con-
figurations. If an a plane is selected, we may choose the
electric field of the extraordinary ray parallel to the Y direc-
tion (or X direction), thus the X, (Y,) and Z, directions are
correspond to the E fields of the ordinary ray. If the a-plane
sample is mount with its optic axis parallel to the Y, direc-
tion, all the Euler angles are zero under such conditions. In
general, the optic axis of a sample may lie in an arbitrary
direction and the Euler angles have nonzero values. For in-
stance, if ¢=20° and #=¢=0°, it means that the n, of
sapphire is orientated 20° from the X, axis in the sample
surface plane, the n is orientated 20° from the Y, axis, and
the n,=n, is still normal to the sample surface.

IV. RESULTS AND DISCUSSION

A. Optic axis determination by polarized Raman
scattering

In our study, a-plane substrates (2T10) were selected in
order to determine the optical constants of both ordinary
n, (w) and extraordinary n;(w). As mentioned earlier in the
modeling part, the Euler angles in the model depend on the
location of the optic axis. Therefore how to determine the
orientation of the optic axis becomes very important. For a
given small piece of an a-plane sapphire sample, its optic
axis can be determined by polarized Raman scattering. The
selection rules of Raman scattering on both c-plane and
a-plane samples are shown in Fig. 2 for a comparison. The
three pair spectra refer to two backscattering geometry,
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FIG. 2. Polarized Raman effect of c-plane and a-plane sapphire samples: (a)
(e)LE; c plane; (b) (c)LE,, a plane; (c) (c)IE,, a plane.

Z(Y,Y)Z (solid line) and Z(Y,X)Z (dashed line). Figure 2(a)
is from a c-plane sample, Figs. 2(b) and 2(c) are from an
a-plane sample, but with a 90° sample rotation between Figs.
2(b) and 2(c). The similar phonon spectra of Figs. 2(a) and
2(b) indicate that the optic axis of the a-plane sample in Fig.
2(b) geometry is perpendicular to the electric field of the
incident laser beam E;. The new strong 645 cm™! longitu-
dinal optical (L.O) phonon peak in the Fig. 2(c) refers that the
optic axis is parallel to the incident E field. It is the charac-
teristic phonon peak of the lattice vibration along the optic
axis direction. Therefore, by either minimizing or maximiz-
ing the 645 cm™! peak intensity through the sample rotation,
the optic axis of an a-plane sample can be easily located by
polarized Raman scattering.

B. VASE data and analysis

Sapphire is a colorless, transparent material with very
low reflectivity. The reflectivity of the off-diagonal elements
are too small to detect. The reflection VASE data of both a
c-plane and an g-plane sample are shown in Fig. 3. In theory,
both A, and A, should be zero for the a c-plane sample, but
they should not be zero for an a-plane sample. The near zero
Aps and A, we have seen in Fig. 3(b) is simply due to the
weak reflectivity (about 1 X 107%). In order to collect all the
information of the Jonse matrix, a R-VASE, three T-VASE,
and two intensity transmission measurements have been per-
formed on two a-plane sapphire samples, the data and fit-
tings of these three types are shown in Figs. 4, 5, and 6,
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FIG. 3. Reflection-VASE data of: (a) c-plane, and (b) a-plane ({c) off E,
45°) sapphire samples.

respectively. It can be seen clearly in Fig. 5(b) that the off-
diagonal elements Apy and Ay, of the T-VASE data have
very big ¢ values indicating the existence of the optical an-
isotropy in sapphire material. The magnitude of the off-
diagonal signal as shown in Fig. 5(a) is still reasonable in
size for only about 1° difference between (c) and E;. The
zero Ay and Ag, in Fig. 5(c) are obtained at the sample
position of (c)LE; (the same result for (c)IIE;). The optic
axis orientation is in well agreement with that determined
from Raman measurements. The nearly identical intensity
transmission spectra of Figs. 6(a) and 6(b) indicate that the
difference between n, and ny is very small even when using
a quite thick sample (0.332 mm). The best model fit results
for the three data types are also presented in the solid line in
Figs. 4, 5, and 6, respectively. The excellent data fit indicates
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FIG. 4. Reflection VASE data and fittings of a-plane sapphire, {c) off E;
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that our model correctly describes the optical anisotropy of
the sapphire material.

In the uniaxial sapphire model, the known parameters
are sample thickness which was measured by a micrometer,
and the Euler angles based on the Raman measurements. The
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FIG. 6. Intensity transmission data and fittings: (a) ordinary ray ({c).LE;)
and (b) extraordinary ray ({c)IIE)).
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TABLE [. Best fitting parameters of the anisotropic sapphire optical con-
stants in the energy range of 0.75-6.5 eV.

A B c D E
n, 173494 0.02560 -—0.00824 0.00271 -—0.00013
ng 172700 0.02685 -—0.00841 0.00271 —0.00013
. a b ¢ d -
k,  23279%1077  0.28123 0.03706  0.00000
k, 43854x1077 0.28072 0.04370  0.000 00

four unknown quantities are n, , k, , and ny, k; described by
two user-defined Cauchy functions which are shown below:

—A+B+ < + D + £ 6
AT TR TR ©
k=(1X10"5)xaxexp{—[(A=b)/c]’} +d, )

where \ is wavelength in um. All the constants obtained
from the best fitting are listed in Table 1. Notice that we did
not simply make the k, =k;=0 assumption in our data fit-
ting since the k value may be detectable at high photon en-
ergy close to the band edge (about 9 eV)*!* in a thick
sample. In fact, the k values of larger than 1X107° were
measured and they showed a non-negligible effect on all the
transmission-type data. Therefore the k=0 assumption may
bring a large error on the n results above 6 eV, since the
intensity transmission is sensitive to sample thickness and
nonzero k values. With an accurate thickness, both k, and k;
can be accurately determined by the intensity transmission
spectra. The amplitude of n; and n are basicly controlled by
both A, and A,g,, and the difference of n, and n, is the

key source of the big Ay and A, values.

C. Kramers—Kronig consistency check

For a set of correct complex dielectric functions e= ¢,
+ i€, of any material, its real and imaginary parts by nature

obey the Kramers—Kronig (KK) relation:*'*
2 E'ey(E")
61(E)—l=;1’f ?2—2-61 ®)

In our application, due to the limited measurement range of
0.75-6.5 eV, a modified form of the KK relation was used to
check the KK consistency of a set of optical constants:

24

ellgk(E)_Elffsel+2 —(F )

2 fss eV E' €5°(E’ )d ©
+Zp L dE 9
7 Jois ev E'*—(E)

For a specified material, the KK integral is numerically
evaluated to calculate €; values from e,. Two zero-
broadening oscillators and a fixed offset are employed to
represent the spectral response outside the range of experi-
mental measurement. E; is the center energy location of a
zero-broadening oscillator; and A; is the amplitude of the
zero-broadening oscillator located at the E; position. The cal-
culated values €}* were compared with VASE determined by
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FIG. 7. Optical constants of sapphire for both ordinary and extraordinary
rays with reference data.

1°* through a regression analysis by varying the values of
Al, E;, and €™ until calculated and measured values
match as close as possible.

Figures 7(a) and 7(b) show a comparlson of the mea-
sured values €7'°* and the calculated values € of the ordi-
nary ray and the extraordinary ray, respectively. Also the
fitting parameters of KK transformation are listed in Table II.
In our calculation two zero-broadening oscillators were used
outside the measured region. The perfect match of the two
curves in Fig. 7 indicates that the dielectric functions of sap-
phire obtained from our VASE analysis are KK consistent.

D. Anisotropic sapphire optical constants

Two pairs of sapphire optical constants of both ordinary
n, (@) and extraordinary n;(w) rays are shown in Fig. 8. It is
necessary to point out that n, is slightly larger than n,
which is consistent with other reports.>!> The difference be-
tween them is close to a constant value 0.008, which is also
in well agreement with References 5 and 15. The symbolized
data points with * and A are the n, and n; values from
DeFranzo and Pazol, in which the traditional prism method
was employed. It also can be seen that k is equal to zero at
the energies below 6 eV, but it rapidly increases above 6 eV
indicating that the absorption tail can start well below the
band edge (9 eV).

V. SUMMARY

In summary, we have studied the anisotropic optical re-
sponse of sapphire single crystal by generalized ellipsometry
with three different types of measurement, R-VASE,
T-VASE, and intensity transmission. Polarized Raman scat-

TABLE II. Fitting parameters in the Kramers—Kronig’s self-consistency
check.

Fitting
parameters  E; (eV) A; €™ (eV)
Ordinary Pole No. 1 0.053 01 0.46227 1.4061
€ Pole No. 2 11.955 31.363 1.4061
Extraordinary  Pole No. 1 0.034 03 0.73474 1.4299
§ Pole No. 2 11.929 30.346 1.4299
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FIG. 8. KK consistency check of the dielectric functions of sapphire: (a) KK
fitting of the ordinary dielectric function, (b) KK fitting of the extraordinary
function.

tering as a convenient and nondestructive tool was used to
determine the optic axis location of the a-plane sapphire
samples. For the transparent sapphire crystal, the T-VASE
measurement is critically important for collecting entire in-
formation of the Jones matrix, and it is especially helpful for
extracting the small difference between n, and n;. The two
sets of optical constants, both ordinary n, (@) and extraordi-
nary ny(w), in the energy range of 0.75-6.5 eV resulted
from our best model fit are in well agreement with the avail-
able discrete data in recent reports. The KK check further
confirms that the resulting dielectric functions of sapphire

H. Yao and C. H. Yan

are Kramers—Kronig self-consistent. The difference of the
refractive index between the ordinary and the extraordinary
is about a constant of 0.008 in the range of 0.75-6.5 €V. The
extinction coefficients of both ordinary and extraordinary
rays are close to zero below 6 eV, but they increase rapidly
above 6 eV showing a non-negligible absorption tail below
the band edge. Combining polarized Raman scattering and
the generalized ellipsometry technique could allow us to
study the optical anisotropy of any crystal with arbitrary op-
tic axis orientation.
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ABSTRACT

GaN films grown on GaAs and sapphire substrates by molecular beam epitaxy (MBE) and
metalorganic vapor phase epitaxy (MOVPE) at both low and high temperatures (LT and HT) were
characterized by Raman scattering and variable angle spectroscopic ellipsometry (VASE). Optical phonon
spectra of GaN films are obtained through back-scattering geometry. Crystal quality of these films was
qualitatively examined using phonon line-width. Phonon spectra showed that the HT GaN has wurtzite
crystal structure, while LT GaN and GaN/GaAs have cubic-like structures. Thickness nonuniformity and
defect-related absorption can be characterized by pseudo dielectric functions directly. Surface roughness
also can be determined by using an effective-medium approximation (EMA) over-layer in a VASE
analysis. Anisotropic optical constants of GaN, both ordinary and extraordinary, were obtained in the
spectral range of 0.75 to 6.5 eV with the consideration of surface roughness, through the small and large
angles of incidence, respectively. The film thickness of the GaN was accurately determined via the
analysis as well.

INTRODUCTION

GaN and related I1I-nitrides wide band gap semiconductors have attracted much attention recently
due to the successes of blue light emitting diode (LED) and laser diode (LD) fabrications [1]. However,
there are many unsolved problems in the nitride film growth field, such as high dislocation density,
cracks, and lack of surface flatness [2]. In order to improve the film quality, more advanced and sensitive
film characterizations are highly required, especially in nondestructive ways. By measuring the phonon
spectrum of a film, Raman scattering can reveal its crystalline quality, crystal structure, alloy
composition, optical anisotropy, and many others. Spectroscopic ellipsometry, on the other hand, not
only can measure the film optical constants and its thickness, but also determine the surface roughness,
thickness uniformity, and defect related absorption. In this paper, we report phonon spectra of LT and HT
GaN films. The anisotropic optical constants along with film thickness, surface roughness, and thickness
nonuniformity of the HT GaN are studied by VASE as well.

THEORY

It is well known that o-GaN is optically anisotropic (uniaxial) material due to its wurtzite crystal
structures. Group theoretical analysis shows that the irreducible representation for the optical modes of
Wurtize GaN [3]

"= A1(z)+ 2B + E(x, )+ 2Ey, (1

for phonon propagating along or perpendicular to the optical axis <¢>. Where X, y, z in parentheses
repent the directions of phonon polarization. The A, and E; modes are both Raman and infrared active,
two E, modes are only Raman active, and B; modes are both Raman and IR silent.

Spectroscopic ellipsometry is another powerful nondestructive method that can be used to study
the optical and structural properties of crystals. Two standard ellipsometric parameters Wy and A are
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related to the complex ratio of reflection (or transmission) coefficients for light polarized parallel (p) and
perpendicular (s) to the plane of incidence [4]. For isotropic material systems, y and A are defined as
R, .
iA
p=— =tan(y)e™. @)

S

The electric-field reflection coefficient at an incident angle of ¢ is defined as R; (Rs) for p (s)-
polarized light. w and A are not only dependent on dielectric functions, also sensitive to the surface
conditions, sample structure, and other properties such as the optical anisotropy.

The pseudodielectric function <€> can be obtained directly from the measured y and A values:

<e>=<g; >+ <gy >=sin’ d){l + tan? d)[i—_—pﬂ 3)
+p

For the case of an air ambient over a bare bulk material with a perfectly smooth surface, the pseudo
dielectric and intrinsic dielectric function are identical. To determine the optical constants of a thin film
on a substrate, VASE data must be analyzed using a parametric model that is adjusted to fit the measured
data. A regression analysis is usually used to vary the model parameters (e.g., optical constants or layer
thickness, etc.) until the calculated and measured values match as closely as possible.

EXPERIMENTAL

GaN films used in this study were grown on c-plane (0001) sapphire and (001) GaAs substrates
by molecular beam epitaxy (MBE) at high (~700 °C) temperature, and by metalorganic vapor phase
epitaxy (MOVPE), at low (~550 °C) temperature. These samples are all one-side polished to meet the
need of reflection ellipsometry measurements.

The Raman spectra were taken at room temperature with a SPEX 1877E triple spectrometer
equipped with a liquid-nitrogen cooled CCD camera. The excitation light source was the Coherent
Innova 300 Ar” laser operating at 514.5 nm with the output power kept at 300mW. A back scattering
geometry was employed for all the Raman measurements. Most of the measurements were performed
from the front surfaces with the focusing spot less than 1 pm in diameter. Micro-Raman measurements
were also made on the cross-section , so that the anisotropic optical phonons were observed.

The standard reflection variable angle spectroscopic ellipsometry (RVASE) measurements were
performed in the spectral range of 0.75eV to 6.5 eV with a 0.02eV increment. Small angles of incidence
(20° and 40°) were used to determine the ordinary optical constants, while the extraordinary optical
constants of GaN were determined from the VASE data at the near-Brewster angles of incidence (60°,
70°, and 80°).

RESULTS AND DISCUSSION

GaN films grown on c-plane (0001) sapphire substrates usually have hexagonal structure and its
optical axis is parallel to the optical axis <c> of sapphire. Optical phonons obtained from a HT GaN film
grown on c-sapphire are shown in Fig. 1 (a). The solid line represents the phonon spectrum taken from
the sample surface, in which two GaN related optical phonons (E2 569 cm™ and A1 LO 736 cm™) are
observed. In this case the optical axis of GaN film is perpendicular to the laser polarization. The 418 cm”
and 750 cm™ phonons are due to sapphire substrate. When the laser beam was focused on the cross-
section of the GaN film and let the optical axis of GaN (sample surface normal) be parallel to the laser
polarization, another set of phonons was obtained as indicated by the dash line in Fig. 1 (a). The
existence of A1 TO (533 cm™), E1 TO (561 cm™) and LO (742 cm™) indicates that this GaN film has
hexagonal structure. The narrow line-widths indicate a good crystalline quality. Unlike the HT GaN/c-
sapphire sample, phonon spectra from a LT GaN/c-sapphire and a GaN/GaAs show that they all have
cubic-like structures [5], as shown in Fig. 1 (b). The broad peaks of TO 554 cm™ and LO 732 cm’
indicate that the crystal defect density in both films is high either due to a large lattice mismatch or the
low temperature growth.
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Fig. 1 Optical phonon spectra of GaN films obtained under backscattering geometry [ Z(Y,Y + X)Z]. (a)
Phonon spectra from a hexagonal GaN film. (b) Phonon spectra from cubic-like GaN films.

Fig. 2 shows the pseudo dielectric functions of three GaN films, a 1 um HT GaN on c-sapphire
(#1) in Fig. 2 (a), a 2 um HT GaN on c-sapphire (#2) in Fig. 2 (b), and a 0.2 um LT GaN on c-sapphire in
Fig. 2 (c). The solid lines represent the real part of the pseudo dielectric functions of each film. The dash
lines represent the imaginary part. As showed in Fig. 1 (a), the high quality of the #1 HT GaN film can
also be seen from its pseudo dielectric functions in Fig. 2 (a). Comparing with Fig. 2 (a), the #2 HT GaN
film shows some different properties. The severe amplitude damping of the interference fringes on both
<g,> and <g»> in Fig. 2 (b) indicates the poor thickness uniformity of this film. Also the average value of
<g»> in the near below band gap (3.4 eV) region is much larger for #2 HT GaN than that for #1 HT GaN.
In general, the <€,> values below band gap for a perfect GaN should be zero. This high <e,> tail may be
caused by the crystal defect absorption. An even higher <e,> tail was observed in the LT GaN showed in
Fig. 2 (¢). This is not a surprise for a low temperature grown film. The non-damping interference fringes
indicate that the LT GaN film has good thickness uniformity.

Surface morphology is an important issue for 11I-V semiconductor epitaxial layers, especially for
IlI-nitrides. Usually the thickness of surface rough layer is ranging from a few nm to tens of nm [6, 7].
Quick and nondestructive measurement of the surface foughness along with film thickness and other
optical properties is the big advantage of spectroscopic ellipsometry. Ellipsometry is a surface sensitive
technique because it not only measures the light intensity, but also measures the phase change after the
reflection (or transmission). To study the incident angle dependence of surface over layer thickness, a
series of model simulations were performed at 5.0 eV (above the band gap). The calculated ¥ and A
spectra are showed in Fig. 3 (a) and (b). A three-phase model (surface over-layer, 1.0 pm GaN film, and
c-sapphire substrate) was used in the simulations. Anisotropic optical constants of sapphire were used in
the calculations [8]. Both ¥ and A spectra at near the pseudo Brewster angle region show great
sensitivity to the roughness layer thickness. With the increase of the roughness
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Fig. 2 Pseudo dielectric functions of GaN/c-sapphire structures. (a) 1 pm high quality HT GaN on c-
sapphire; (b) 2 um HT GaN on c-sapphire; (c) 0.2 um LT GaN on c-sapphire.

layer thickness, the A spectrum as a function of incident angle no longer has the abrupt turn feature near
the pseudo Brewster angle. This could be a useful sign for monitoring the surface roughness. The full
spectral simulations of ¥ and A with or without surface roughness layer are shown in Fig. 3 (c) and (d). It
shows clearly that ¥ and A are much more sensitive to the roughness layer thickness in the above gap
region than below gap. It is due to the small penetration depth of photons with energies above the band
gap under strong absorption. On the other hand, photons with energies below the band gap can almost see
the whole structure. Therefore, it allows us to measure the film thickness.
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Fig. 3 VASE model simulations of the surface roughness effect. ds, is the surface roughness layer
(EMA with 50% voids and 50% GaN) thickness. The model is a three-phase structure (surface rough
layer(ds,r)/GaN (1pum)/c-sapphire). (a) & (b) As a function of angle of incidence at 5.0 eV; (c) & (d) As a
function of photon energy at 60° and 80° angles of incidence.

The ordinary and extraordinary optical constants of a high quality HT GaN grown on c-sapphire are
shown in Fig. 4 (a). The results were extracted from a multiple angle VASE data analysis using two
parametric semiconductor models for GaN. The indices of refraction of extraordinary are about 3.5%
higher than its ordinary counterpart throughout the whole spectrum. The zero k below band gap indicates
that this HT GaN film has very low defect density. A comparison of optical constants of a HT and a LT
GaN film grown on sapphire substrates is shown in Fig. 4 (b). The broadening of n and k spectra at
critical points indicates the existence of high densities of structural defects in the LT GaN film.

SUMMARY

In summary, we have studied the optical properties of HT and LT GaN films by both Raman
scattering and variable angle spectroscopic ellipsometry. It has been observed that HT GaN grown on c-
sapphire has hexagonal structure, while GaN grown on GaAs and LT GaN on c-sapphire may have cubic-
like structure that strongly depends on the growth conditions. Defect density and thickness nonuniformity
can be characterized using VASE by monitoring the pseudo dielectric function line shapes. VASE is also
a surface-roughness sensitive technique which can precisely determined the surface over layer at near
pseudo Brewster angle region in the above band gap spectral range. The ordinary and extraordinary
optical constants of a high quality HT GaN were fully determined by a multiple angle VASE data
analysis. The indices of refraction for extraordinary ray are about 3.5% larger than that of the ordinary.
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ABSTRACT

Variable angle spectroscopic ellipsometry (VASE) and micro Raman scattering have been cmployed: to study the optical
anisotropy and optical constants of AIN films grown at high and low temperatures (BT and LT). The AIN films were grown
by metalorganic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) on c-plane sapphire (0-Al;O3) substrates,
respectively. Anisotropic optical phonon spectra of AIN have been measured along two directions so that the optical axis
<c> of AIN is either perpendicular or parallel to the polarization of the incident beam. Nonzero off-diagonal elements Apg and
Agp of Jones matrix in the reflecion VASE (RVASE) measurements indicate that the <c> of AIN is slightly away from
surface normal due to substrate miscut. The ordinary optical constants of both HT AIN have been determined spectroscopic
ellipsometry at small angles of incidence so that the extraordinary response is greatly reduced. The film thickness along with
the surface overlayer was determined via the VASE data analysis as well.

Keywords: AIN, sapphire, Raman scattering, spectroscopic ellipsometry, optical anisotropy, optical constants.
1. INTRODUCTION

The wide band gap AIN along with GaN and InN, are the important building blocks for both high temperature electronic
devices and short wave-length optical emitters.”> AIN films grown on c-plane sapphire usually have wurtzite crystal structure
(0-AlN), which is anisotropic (uniaxial). There are some valuable optical property studies have been carried out on textured’
and single crystal** AIN films by various kinds of techniques. For instance, prism-coupling“ can give very accurate values
of reflective index at several discrete wavelengths but lacks spectroscopic information. Transmittance and reflectance’can
obtain spectroscopic data but do not have enough sensitivity on surface overlayer since it does not contain the phase
information. Ellipsometry, on the other hand, is an ideal choice for measuring the spectroscopic optical constants and
structural parameters of thin films, especially when the films have interface or surface roughness. In this work, the ordinary
optical constants of both HT and LT AIN thin films were accurately determined by transmission variable angle spectroscopic
ellipsometry (TVASE) and reflection VASE (RVASE). The extraordinary optical response from the uniaxial AIN films was
greatly reduced by using small angle of incidence. Small angle of incidence is also good for minimizing the error caused by
the substrate-miscut that can result in non-zero off-diagonal elements of Jones matrix. Surface and interface roughness were
carefully considered in the VASE model analysis using the effective medium approximation (EMA).’

’ Correspondence: Email: hyao@unl.edu; Telephone: 402-472-5914; Fax: 402-472-4732

In Light-Emitting Diodes: Research, Manufacturing, and Applications 1V, H. Walter Yao, lan T. Ferguson,
E. Fred Schubert, Editors, Proceedings of SPIE Vol. 3938 (2000) ® 0277-786X/00/$15.00
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2. Theory
2.1 Raman Scattering

The irreducible representation of Wurtize AIN optical phonons is:”

F=A1(z)+2B1+E1(x,y)+2E2, . 1)
for phonon propagating along or perpendicular to the optical axis <¢>. Where x,y, 2 in parentheses represents the directions
of phonon polarization. Aj and E; modes are polar modes and each split into 2 propagation-parallel longitudinal optical
(LO) and a propagation—perpendicular transverse optical (TO) mode. The A and E; modes are both Raman and infrared
active, two E; modes are only Raman active, and Bj modes are both Raman and IR silent. Therefore, there are total six
active Raman phonon modes in the AIN crystal.

2.2 Generalized Ellipsometry

The variable angle spectroscopic ellipsometry is designed to accurately determine the values of two standard ellipsometry
parameters y and 4, which are related to the complex ratio of reflection (or transmission) coefficients for light polarized
parallel (p) and perpendicular (s) to the plane of incidence.® For isotropic material systems,

R .
p=—Lt= tan(y)e’®. )
Rs
The electric-field reflection coefficient at an incident angle of ¢ is defined as 1, (r5) for p (s)- polarized light. They are the
diagonal elements of Jones matrix.

r, O
J = [ 4 } - ®
[ ]sample 0 7

The W and A are not only dependent on dielectric functions, also on the surface condition, sample structure, and other
properties such as the optical anisotropy.

Generalized ellipsometry was first introduced by Azzam and Bashara’ The recent developments makes this technique more
complete and powc:rful.m'Il In a word, the Generalized ellipsometry is a technique which can be used to determined all the
elements of Jones matrix of arbitranily anisotropic and homogeneous layered systems with nonscalar dielectric
susceptibilities. .

For the anisotropic material system, the non-diagonal elements of Jones matrix are not necessary to be zero. In the reflection
VASE configuration,

Yoy T
P sp
U]sample =[ i } @

Tps Tss
By using the same approach with considerably more algebra involved, we can still predict the Wy and A values, but the

Fourier coefficients related to y and A become more complicated.lz The generalized ellipsometric parameters are defined as
below. )

¢ iA
App = =tany,ge "E )
Ss
Tps iA
A = —rf— = tanypee ps 6)
P




. iA
sp = ;EE =tan Vspe 7 N

ss :
where the A and Agp describe how much amount p- or s-polarized light becomes s- or p-polarized light after the reflection,
respectively. If the optical axis is strictly perpendicular (perfect c-plane situation) to the electric field of the incident beam, the
Jones matrix is stricctly diagonal. While it may not true for real AIN films grown on nominal c-plane sapphire substrates
since the substrates are usually miscut within 1°. The off-diagonal elements Aps and Agp are dependent on sampie positions,

angles of incidence.

A

3. Experiments

The Raman spectra were taken at room temperature with a SPEX 1877E triple spectrometer equipped with a liquid-nitrogen
cooled CCD camera. The excitation light source was the Coherent Innova 300 Ar+ laser operating at 488 nm with the
output power kept at 150 mW. A back scattering geometry was employed for all the Raman measurements.

Two identical thin AIN films (about 130 nm thick) were grown at high temperature (1070°C) side by side by MOVPE on
two c-plane sapphire substrates with polished and unpolished backsides to serve the transmission type and reflection type
VASE measurements. About 20 nm thick LT (525°C) GaN nucleation layers were deposited before the HT AIN growth.
Another two films were grown by MBE at high (800°C) and low (400°C) temperatures with different thickness, respectively.
The very thin (~36 nm) LT AIN film was grown on a one-side polished c-plane sapphire. The thickness of the MBE grown
HT AIN film is about Ium. Both isotropic and anisotropic mode VASE measurements were performed in the energy range
0f 0.75¢V 10 6.5 eV with a 0.02 eV increment at room temperature. The range of angle of incidence is from 20° to 80° for
reflection VASE, and 0° 1o 30° for transmission VASE.

4. Results and discussion
4.1. Optical phonons of AIN films

Raman scattering is a nondestructive technique used to detect the lattice vibration modes related with crystal orientation and
symmetry. A series of Raman scattering measurements have been carried out on various kinds of AIN samples. The optical
phonon spectra of a 1um thick AIN film grown on c-plane sapphire at back-scattering geometry Z(Y,Y + X)Z are shown
in Fig. 1(a). The solid line was obtained from the front surface, in which the optical axis <c> of AIN (and sapphire substrate)
is perpendicular to the incident polarization (Y). Three AIN related optical phonon were observed under such condition
including 636 cm™ E, (high), 888 cm™ A; (LO), and a 246 cm™ E: (low) which is not shown in this figure. The other two
phonons of 577 cm”’ Eg (LO) and 750 cm™ Eg (LO) are due to the sapphire substrate. The dash line in Fig. 1(a) was
obtained from the side cross-section surface in which the AIN optical axis <c> is paralle] to the polarization of the incident
laser beam. There are three new phonons appeared, 612 cm™ Al (TO), 670 cm™ El (TO), and 909 cm™ El (LO). All the
above six optical phonons measured from AIN film are in good agreement with the theoretical calculation based on the rigid-
ion model.” The comparison is listed in Table 1. Fig. 1 (b) is a phonon line-width comparison of HT and LT AIN films.
The solid line represents the thin LT AIN (36 nm) grown by MBE; the dash line represents the thin HT AIN (130 nm)
grown by MOVPE. The broadening of AIN E; (high) may be due to the high-density structural defects (such as group I
vacancies) in LT material and the misfit dislocations due to the large lattice mismatch. It is observable that the AIN E,
(high) in both thinner films moves to lower frequency comparing with the AIN E, (high) in Fig. 1 (a). This may be caused
by the partial strain relaxation in stead of full relaxation in a thin lattice-mismatched film even for a thickness of 130 nm.

Table 1. Zone-center optical phonons in wurtzite AIN, in cm™.

Mode A, (LO) A, (TO) E, (LO) E, (TO) E2 (low) E2 (high)
Theory" 885 . 614 923 668 252 660
This work | 888 612 909 670 246 656
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4.2. VASE data analysis

For ideal c-plane samples, its off-diagonal element of Jones matrix must be zero as we pointed out in the theory part. But for
real nominal c-plane samples, since there is a small miscut (usually within 1°) on the substrate, the off-diagonal elements
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L . |
]
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Fig. 3. Anisotropic mode RVASE data of HT AIN/c-sapphire grown by MOVPE. (a) ¥ as a function of photon energy at 60°
angle of incidence; (b) ¥ as a function of incident angle at 2.40 and 5.48 eV.
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may not vanish completely. as shown in Fig. 2. Fig. 2 (3 is an anisotropic mode RVASE data obtained from a 130 nm
MOVPE grown AlIN/c-sapphire sample. It was taken at 60° angle of incidence, which is near the pseudo Brewster angle. It
can be seen clearly that the off-diagonal elements Ags and A, are not negligible.  The incident angular dependent
measurements were made at certain wavelengths (1.4 and 5.48 V), as shown in Fig. 1 (b). The angular increment was 1°.
The off-diagonal elements are detectable in the angle range of 50° to 70°, but they are negligible at the angle of incidence
below 40° or above 80°. Therefore, small angle of incidence (<40°) can be used to reduce the cross-conversion of p- to s- Of
s- to p- polarization caused by the <c> axis offset.

Small angle of incidence is not only good for overcoming the miscut error, but also can areatly reduce the anisotropic effect
on the diagonal elements as shown in our previous GaN study.”® By using small angles of incidence, the ordinary dielectric
functions of anisotropic AIN can be determined from the diagonal Jones matrix element without losing”the accuracy. Thus
standard ellipsometry will be suffice to determine the ordinary dielectric functions and other structural parameters.

Fig. 3 shows the nominal sample structures and the corresponding VASE analysis models. Fig 3 (a) is the structure for the
rwo 130 nm AlN/c-sapphire structures on one-side and double-side polished substrates grown by MOVPE. The nominal
thickness of the HT AIN and LT GaN nucleation layers are 130 nm and 20 nm. respectively. Fig.3 (b)-is the VASE model
representing the structure in Fig. 3 (a). Atthe small incident angle condition. all the lavers in the structure are simulated as

EMA (AIN +37% Void) 18 nm

HT AIN 130nm

HT AIN 118.4nm

LT GaN 20nm LT GaN 6.5nm

LT AIN 36nm LT AIN 34.2nm

10 mlns Nitridization

EMA (AIN+9.3% Al,03) 22nm

.221MIn
(d)

Fig. 3. AIN sample nominal structures and their corresponding VASE model. (a) Sample structure of 130 nm thick HT AlN/c-
sapphire grown by MOVPE. (b) VASE model of the HT AlN/c-sapphire. () Sample structure of 36 nm thick LT AIN/c-sapphire
grown by MBE. (d) VASE model of the LT AlN/c-sapphire.
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isotropic material. The surface overlayer was modeled by an EMA layer to account for the surface oxide and roughness. The
optical constants of LT GaN and sapphire used in the analysis are from our previous smdy. Fig. 3 (c) is the nominal
structure for 36 nm LT AIN grown by MBE. Notice that there is a 10 minutes nitrogenation process before grow the LT
AIN, and it was represents by a EMA layer as shown in Fig. 3 (d). The 6ptical constants of HT and LT AIN in the model
were represented by two parametric semiconductor models, which are constructed based on their critical point structures. The
derails about the parametric model is described in reference. 15. The thickness and EMA composition listed in the model are
the best values from VASE data fitting.

The VASE data and best fit of HT AIN/c-sapphire are shown in Fig. 4. Fig. 4 (a) and (b) are y and A of TVASE at four
angles of incidence (0°, 10°, 20°, and 30°). Fig. 4 (¢c) and (d) are the ¥ and A of RVASE at three small angles of incidence
(20°, 30°, and 40°). The two sets of ellipsometric data were coupled together during the data fitting to further reduce the
correlation between the fitting parameters. The resulted AIN laver thickness is 118.4 nm with 18 nm surface overlayer. The
thickness of overlayer is consistent with previous thermal stability study.’ Fig. 5 (a) and (b) show the RVASE data and

TVASE RVASE
Q———TT T T T 71— 160
@ ® Model Fit T e Model Fit (€
48+ —— Exp Data AnEt - — Exp Data AnE .—50
o | 1 -WV\'3°°_ o)
S 40 lnn 3
o 46+ —~— NN 20T -30 2
E i 1 1l =
P i 100 o
45| S 20
1 1 l ] J L 1 l 1 l ! ' 4 A l 1 [ 1
T LA DL B LA L B IR LI LA N
| (b 1 (d |
200} 20° 1 2074475
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Fig. 4. VASE data and best fit of two HT AIN/c-sapphire samples. (a) y data and best fit of TVASE; (b) A data and best fit
of TVASE; (c) y data and best fit of RVASE; (d) A data and best fit of RVASE. Solid lines represent experimental data.
Dash lines represent the best model fit.
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Fig. 5. RVASE data and best fit of LT AIN/c-sapphire. (a) y data and best fit; (b) A data and best fit. Solid lines represent
experimental data. Dash lines represent best model fit.
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best fit of the LT AlN/c-sapphire. The resulted film thickness of LT AIN is 34.2 nm which is very close to the nominal
value 36 nm. A 22 nm interfacial layer was formed due to the 10 minutes nitrogenation. No surface overlayer is needed in
the LT AIN VASE data analysis. High incident angles used for the LT AIN sample is because the anisotropy ofsucha LT
material is not an issue in the material quality study.

The optical constants HT and LT AIN films obtained from VASE data analysis are shown in Fig. 6. The HT AIN is fully
transparent below 5 eV, but the absorption of LT AIN starts from below 3 eV. This long absorption tail below the
fundamental band gap (~6.2 €V) of AIN may be due to the high-density structure defects caused by both low temperature
growth and large lattice-mismatch between AIN and sapphire substrate, the same reason caused the E, phonon broadening.




The parametric semiconductor model is Kramer-Kronig (K-K) consistent, the K-K fitting is shown in Fig. 7. The solid lines
are the best g, result from the VASE data analysis, and the dots represent the calculated g; from the known €; values using the
K-K relation. Fig. 7 (a) and (b) are for HT and LT AIN, respectively. The final results of all fitting parameters are given in
Table 2. The K-K relation used in the calculation is”6 v
2 . Se meas
g{(k(E)zg:‘l’ﬁSEt +ZL+EP J wdf:© (8)
SEP-(E? = E©-(E)?
i=1*1 0.75eV
For a specified material, the K-K integral is numerically evaluated to calculate & values from &,. The model then adds the
contribution from two non-broadening oscillators and a fixed offset to account for contribution outside the experimental
measuring range. E, is the energy location of a non-broadening oscillator that is added to simulate contribution outside the
integration range; 4; is the magnitude of the oscillator located at E; position. In our calculation one oscillators were used

outside the measured region.
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Fig. 6. Optical constants of (a) HT AIN, and (b) LT AIN.
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Table 2. K-K fitting parameters for HT and LT AIN dielectric functions.

Fitting Parameters E; A g™
Pole (HT AIN) 7.87 eV 17.27 2.29
Pole (LT AIN) 7.76 eV 13.23 2.17

122




5. Summary

The optical anisotropy natre of AIN films grown on c-plane sapphire substrates was revealed by Raman scattering and
generalized variable angle spectroscopic ellipsometry. Optical phonons measured from a 1 pm thick HT AIN agrees very
well with the theoretical prediction. Optical constants of HT and LT AIN are determined by TVASE and RVASE along
with the structure parameters. The broadening in E. phonon and long absorption tail indicate that LT AIN has very high
defect density due to low temperature growth and large lattice-mismatch.
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Standard variable angle spectroscopic ellipsometry (VASE) has been employed to study the
ordinary optical dielectric response of hexagonal gallium nitride (GaN) thin films—an important
material for blue and ultraviolet light emitting device applications. The GaN films were grown by
molecular beam epitaxy on c-plane sapphire substrates ( a-Al,O;). Room temperature isotropic and
anisotropic mode VASE measurements were made at angles of incidence between of 20° and 80°.
Evidence of anisotropy was observed from the anisotropic mode measurements, reflecting the nature
of wurtzite crystal structure of GaN. The sizable off-diagonal elements (A, and A,,) of the Jones
matrix indicate that the optical axis (c) of the c-plane sample are slightly off from the surface normal
due to a small miscut of substrates. VASE data simulations by isotropic and anisotropic models
indicate that the anisotropic effect on both diagonal and off-diagonal elements of the Jones matrix
can be minimized to a negligible level at small angle of incidence. Thus the ordinary optical
dielectric functions (E.L{c)) are precisely determined by the isotropic mode VASE measurements
at angles of incidence between 20° and 40° in the range of 0.75-6.5 eV. The VASE data were
analyzed by a model dielectric function based on the GaN critical point structure, which allows for
a nonzero extinction coefficient k below the band gap. The thicknesses of these GaN films are

accurately determined via the analysis as well.
[S0021-8979(00)03319-3]

. INTRODUCTION

The wide band-gap semiconductor GaN and related ma-
terials, with their excellent thermal conductivity, large break-
down field, and resistance to chemical attack, have a very
promising application potential for both high temperature
electronic devices and short wavelength optical emitters.’?
The recent development of high-brightness, blue and green
light emitting diodes (LEDs),® room temperature pulsed,”
and continuous-wave quantum well lasers® has greatly en-
couraged researchers to continue the work on these materi-
als. It is essential to study the optical properties of these
optoelectronic materials, such as the optical dielectric func-
tions (or the optical constants) of GaN, for the further im-
provement of device performance. The optical constants of
GaN have been studied intensively since the mid- to late-
1960’s. Typically, the ordinary refractive indices (n) were
measured in the visible and IR spectral range (370-2000
nm), and the extinction coefficients (k) within this region
were either ignored or assumed as z<:ro,6"9 which is true in
theory for the region below band gap. In fact, there is an
absorption tail below band gap for most GaN films due to the
existence of defect states and impurities. Therefore, it would
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be more accurate if a nonzero k model can be employed for
the data analysis. The recent works by two different groups
have extended the index of refraction data to the region
above band gap using spectroscopic ellipsometry.s‘g The
nonzero absorption below band gap was also observed by
other groups.w‘”

Most of the high quality GaN films were grown on
c-plane (0001) sapphire substrates either by molecular beam
epitaxy (MBE) or metalorganic vapor phase epitaxy
(MOVPE) techniques. Usually GaN grown on sapphire sub-
strates has a wurtzite structure (a-GaN). Nominally the op-
tical axis (c) of the GaN film is perpendicular to the sample
surface, and parallel to the {(c) of sapphire. The fundamental
band gap of wurtzite GaN is about 3.4 eV.” As the growth
techniques are being improved, higher quality GaN films are
being produced with lower defect densities, lower back-
ground electron concentration, and higher carrier mobilities.
More precise measurements of optical properties thus are
needed for future research and fabrication activities. More-
over, GaN is an anisotropic crystal (uniaxial), and this an-
isotropy cannot be simply neglected during the optical data
acquisition even for a nominal c-plane sample. The existence
of optical anisotropy will affect both the diagonal and off-
diagonal elements of the Jones matrix. If the optical axis is
strictly perpendicular to the sample surface (perfect c-plane

© 2000 American Institute of Physics
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situation), the Jones matrix is diagonal. This may not be true
for most GaN films grown on c-plane sapphire substrates,
since the crystal is usually cut with an error of several tenths
of degree so that the off-diagonal elements of the Jones ma-
trix will not vanish completely. In this situation, the standard
reflection variable spectroscopic ellipsometry (RVASE) is
not reliable because a portion of light scattering (p—s or
s—p) has been neglected. Here “*p’’ and *‘s’’ represent the
light polarized parallel (p) and perpendicular (s) to the plane
of incidence, respectively. This means that it is necessary to
use the generalized ellipsometry technique to detect the off-
diagonal elements or to find a condition at which the stan-
dard ellipsometry is still effective with negligible off-
diagonal elements A, and A, .

It would be ideal and straightforward to use generalized
ellipsometry (GE) to determine both ordinary and extraordi-
nary dielectric functions of GaN simultaneously. The prob-
lem of using GE on a slightly misoriented c-plane GaN is the
uncertainty of the miscut angle of the sapphire substrate that
makes it impossible to set a uniaxial model the for VASE
data analysis.

Furthermore, even if an ideal c-plane GaN is available,
the standard way (such as near-Brewster angle of incidence)
to perform an ellipsometric measurement for an isotropic
sample may be not adequate for the anisotropic structure
because both ellipsometric parameters ¥ and A (related to
the diagonal elements of Jones matrix) are also affected
greatly by the optical anisotropy (due to the extraordinary
response for p polarization). This may cause a few percent
error in the resulted optical constants. In order to precisely
measure the ordinary optical constants, one has to use special
incident angles, other than the standard approach used for
isotropic samples, to minimize the extraordinary response
(the electric field Eli{c)) related with the p polarization of
the incoming light. It is especially important to obtain highly
accurate ordinary dielectric functions for the determination
of the extraordinary dielectric functions of GaN, since the
difference between them is just a few percent in n ratio.'?

The ordinary dielectric functions of GaN can be deter-
mined either by s-polarized reflectance'? or by VASE mea-
surements. In theory the s-polarized reflectance would be
ideal for the determination of the ordinary dielectric func-
tions of a uniaxial anisotropic sample, since the polarization
is always perpendicular to the optical axis of a c-plane
sample regardless of the angle of incidence. The s-polarized
reflection coefficient is only dependent upon the ordinary
dielectric functions.'? But in practice, s-polarized reflectance
measurements may not be the best choice since they do not
measure the phase change. For most of the samples, the
phase information is necessary and critical for the surface
layer analysis. Without the phase information, the optical
properties determined by the reflectance data will not be ac-
curate. It is especially true for a sample with some native
oxide or surface roughness on top. Another major drawback
of the reflectance technique is that the measured data are
strongly dependent on the light source stability. Any tempo-
ral fluctuation and spatial variation may cause a large error in
the reflectance data. On the other hand, ellipsometry is a two
parameter (¥ and A) measurement technique. The parameter

Yan et al.

A contains the phase information needed for the surface layer
uncertainty determination. Moreover ellipsometric data will
not be affected by the light source instability. One problem
for using VASE to determine the ordinary dielectric func-
tions is the extraordinary response caused by the p-polarized
light at nonzero angles of incidence. An alternative way to
reduce this extraordinary response is to use a small angle of
incidence in the VASE measurement to keep the p-polarized
part nearly perpendicular to the optical axis {c).

In this article, the optical anisotropy of the GaN films
grown on c-plane sapphire substrates was characterized by
generalized variable angle spectroscopic ellipsometry. The
impact of optical anisotropy on the determination of ordinary
dielectric functions is discussed through generated reflectiv-
ity and measured VASE data by. isotropic and anisotropic
models. Using a small angle of incidence in the VASE data
acquisition, the ordinary dielectric functions of GaN are pre-
cisely determined via a parametric semiconductor model
(with nonzero k) in a wide energy range between 0.75 and
6.5 eV. Furthermore, consistency with Kramers—Kronig con-
ditions is maintained. )

il. THEORY
A. Standard ellipsometry

Spectroscopic ellipsometry is an experimental method
that can be used to measure the change of the polarization
state after light is reflected from or transmitted through an
optical medium. This medium can be a bulk substrate or a
multiple layer structure. By analyzing the measured ellip-
sometry parameters i and A with an appropriate physical
model, the thickness and optical dielectric functions of each
layer can be determined. The parameters ¢ and A are related
to the complex ratio of reflection (or transmission) coeffi-
cients for light polarized parallel (p) and perpendicular (s) to
the plane of incidence.'® For isotropic material systems,

R .
p=R—p—tan(z//)e'A. (1)

s
The electric-field reflection coefficient at an incident angle of
¢ is defined as R, (R,) for p- (s)-polarized light. They are
the diagonal elements of the Jones matrix in a nondepolar-
ized system:

14

0 R,

R, O
|

[J] sample= [

The parameters ¢ and A are not only dependent on dielectric
functions, but also on the surface condition, sample structure,
and other properties such as the optical anisotropy.

The pseudodielectric function (€} can be obtained di-
rectly from the measured ¢ and A values:

(e)=(e)+i(e)=sin’ ¢ 3)

1-p\?
2
1+tan ¢(l+p) .

For the case of air over a bare bulk material with a perfectly
smooth surface, the pseudodielectric and intrinsic dielectric
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function are identical. To determine the optical constants of a
thin film on a substrate, VASE data must be analyzed using
a parametric model that is adjusted to fit the measured data.
A regression analysis is usually used to vary the model pa-
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rameters (e.g., the optical constants or layer thickness, etc.)
until the calculated and measured values match as closely as
possible. This is done by minimizing the mean square error
(MSE) function, defined as:

MSE=\/N1 EH:‘r,/(hvhqu)_W(hvi’¢j)}2+[A(hvi’¢j)—AC(hVi9¢j)}2], "

-Mij Tijy

where N is the total number of experimental observations
(for ellipsometry measurements, there are two observations
¥ and A, for each data point), M is the number of fit param-
eters, o is the measured standard deviation of the measure-
ment, ¢ is the external angle of incidence, Av is the photon
energy, and i and j are used to sum over all the photon
energies and external angles of incidence, respectively.

B. Generalized ellipsometry

Generalized ellipsometry was first introduced by Azzam
and Bashara.'* The recent developments make this technique
more capable and powerful.'>'® For an anisotropic material
system, the off-diagonal elements of the Jones matrix are not
necessary to be zero. In the reflection (RVASE) configura-
tion,

RPP

R;
[-]]sample=[R PJ- (5)

ps RSS
By using the same approach with considerably more compu-
tation, ¢ and A values can still be determined, but the Fourier
coefficients related to ¢ and A become more complicated.!”
The generalized ellipsometric parameters are defined as be-
low:

Ang= Rpp =tan {, pe'*E, (6)
55
R )
A,,s=R—px=tan z//pse’AN, )
P
R .
A= =tan i e, ®

where the A,; and A, describe how much amount p- or
s-polarized light becomes s- or p-polarized light after the
reflection, respectively. The A, is the diagonal matrix ele-
ment.

In summary, the generalized ellipsometry is a technique,
which can be used to determine all the elements of the Jones
matrix for arbitrarily anisotropic and homogeneous layered
systems with nonscalar dielectric susceptibilities. Unlike the
isotropic mode VASE measurements, the anisotropic mode
measurements, i.e., generalized ellipsometry are made with a
fixed pattern for the polarizer position (e.g., p=—60°,
-30°, 0°, +30°, +60°, and 90°) at each wavelength. Since

0;jA

the Fourier coefficients are the functions of A ps and Ay,
they are dependent upon the incident polarization in aniso-
tropic materials. -

itl. EXPERIMENT

The GaN film (about 1 um thick) used in this work was
grown by MBE on c-plane sapphire substrate. The cutting
error of crystal orientation is within 1°. The backside of the
substrate was unpolished which is sufficiently rough for the
reflection VASE and polarized reflectivity measurements.
The RVASE optical measurements of both isotropic (stan-
dard ellipsometry) and anisotropic modes (generalized ellip-
sometry) were performed in the energy range 0.75-6.5 eV
with a 0.02 eV increment at room temperature. In order to
reveal the angular dependence of the optical anisotropy of a
c-plane sample, the generalized ellipsometry measurements
were performed at 1.4 eV with the angle of incidence rang-
ing from 20° to 80° with 1° increments. Silicon and InGaAs
photodiodes are employed in the VASE system. They are
polarization state insensitive, and linear over a broad range
of beam intensity. The monochromator was placed right after
the light source for wavelength scanning.

IV. RESULTS AND DISCUSSION

In order to reveal the optical anisotropy of GaN on
c-plane sapphire, a series of anisotropic mode VASE mea-
surements have been made. Two of them are shown in Fig.
1. The RVASE data in Fig. 1(a) were taken at an angle
incidence of 60°, which is near the pseudo-Brewster angle. It
can be seen clearly that the off-diagonal elements A ps and
A;p are not negligible, especially for A, below band gap.
The strong A fringes appeared below 3.4 eV are due to the
thin film interference. Notice that they have the same period
as the A, g does. For photon energies larger than band-gap
value, there are no interference fringes since the GaN film is
no longer transparent in this region (the extinction coefficient
k is very large). Nonzero A, and A, indicate that: (1) GaN
film has strong optical anisotropy; (2) the {c) axis of GaN is
off the surface normal. For such a sample, the A, and 4,
have to be taken into account in the data analysis unless
special measurement conditions are employed under which
the anisotropic effect can be greatly minimized. The nonzero
A, and A, means that there is cross-conversion between p-
and s-polarized light. We cannot set up an anisotropic model
to do the generalized-VASE data analysis and solve both
ordinary and extraordinary dielectric functions simulta-
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FIG. 1. Anisotropic mode RVASE data of c-plane GaN/sapphire. (a) ¥ as a
function of photon energy at 60° angle of incidence; (b) ¥ as a function of
incident angle at 1.4 eV.

neously, since the offset angle of {c) axis from surface nor-
mal is unknown. An easier way to determine the dielectric
functions of GaN is to solve them separately, and to con-
struct an isotropic model instead of an anisotropic model to
solve for the ordinary dielectric functions. Therefore, special
measurement conditions must be used to suppress the A,
and A, values, and to allow us to treat the anisotropic film
as a pseudoisotropic material without losing accuracy. To
find such measurement conditions, an angular dependent
measurement was made at certain wavelength (1.4 eV), as
shown in Fig. 1(b). The angular increment is 1°. The off-
diagonal elements are detectable in the angle range of 50°-
70°, and it has a peak value at about 60°, which is near the
pseudo-Brewster angle at 1.4 eV. We have measured curves
similar to that in Fig. 1(b) at other photon energies with the
peak positions slightly varied due to different Brewster
angles at the different wavelengths. In the photon energy
range of 0.75-6.5 eV, the A ,; peak position can change from
about 59° 1o 67°, i.e., A, may be detectable from approxi-
mately 49° to 77° angle of incidence. In other words, the A
and A, are negligible at the angle of incidence below 40° or
above 80° for an anisotropic sample with slightly {c) axis
offset. The above measurement conditions are only useful to
minimize the off-diagonal elements (A ,; and A,) related to
the misoriented c-plane GaN film. To determine ordinary
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FIG. 2. Simulated p-polarized refiectivity data of a GaN (2 pm)/c-sapphire
structure by isotropic (solid line) and anisotropic (dash line) models at 80°
angle of incidence.

dielectric functions of GaN more precisely, the anisotropic
effect included in the diagonal elements has to be taken into
account in the VASE data analysis.

Usually the ordinary dielectric functions of anisotropic
GaN are measured by standard ellipsometry at large angle of
incidence such as 60° (Ref. 9) and 70°,'® and modeled as an
isotropic material. In general, results from these studies are
suitable as provisional data. However, they lack accuracy
because the sample misorientation has been neglected and
because the anisotropic nature is overlooked in the data
analysis. This may become a problem when precise determi-
nation of the extraordinary dielectric functions is required.

To illustrate anisotropic impact on the diagonal ele-
ments, the difference of isotropic and anisotropic optical re-
sponse generated from ideal c-plane models (no misorienta-
tion) are shown in Figs. 2 and 3. Two simulated
GaN/c-sapphire models with exactly the same multilayered-
structures (2-um GaN film with 4% thickness nonunifor-
mity) were constructed for the data simulation. In the isotro-
pic model, GaN is assumed to be an isotropic material, with
ordinary dielectric functions only. In the anisotropic model,
GaN is assumed to be an anisotropic material, with both
ordinary and extraordinary dielectric functions. The ordinary
and extraordinary functions used in the two models are from
a study on GaN/m-sapphire.!” The average difference be-
tween extraordinary and ordinary in n values is about +4%
in the range of 0.75-6.5 eV. Dielectric functions of sapphire
used for the simulations and VASE analysis are from our
previous work.?’ Data generated by the isotropic and aniso-
tropic models are identical everywhere because the
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FIG. 3. Simulated RVASE data of GaN (2 pum)/c-sapphire structure by
isotropic (solid line) and anisotropic (dash line) models. (a) Large angle of
incidence (#=280°); (b) small angle of incidence (¢ =20°).

s-polarized light can only cause the ordinary dielectric re-
sponse that is independent of the angle of incidence. But for
nonzero degree angle of incidence, the p-polarized incident
light can cause both ordinary and extraordinary responses in
an anisotropic material, which will be different from the pure
ordinary response in an isotropic material, as shown in Fig.
2. The reflectivity difference between isotropic and aniso-
tropic model is about 3% at 6 eV, and this difference is
strongly dependent on the angle of incidence. The difference
decreases as the angle of incidence decreases.

Generated VASE data with different angle of incidence
for the two models are shown in Fig. 3. The angle of inci-
dence is 80° for Fig. 3(a), and 20° for Fig. 3(b). Notice that
the W difference in ratio between two models
(Y aniso— Yiso)/ ¥iso) in Fig. 3(a) is about 20 times larger
than in Fig. 3(b). The absolute difference between ¥ values
generated by two models in Fig. 3(b) is close to the measure-
ment error bar £0.007, which is within the sensitivity limi-
tation of the instrument. Therefore, the anisotropic effect on
the diagonal elements can be greatly minimized by using a
small angle of incidence. In addition, the small angle of in-
cidence is also good for suppressing the s—p or p—s cross
conversion. Comparing with the measurement error bar, we
can conclude that the anisotropic GaN film can be treated as
isotropic material at small angles of incidence (¢=40°).

According to the above analysis, VASE data at a small
angle of incidence (20°, 40°) were taken from a
GaN/c-apphire sample for the determination of ordinary di-
electric functions of GaN. The sample structure was de-
scribed by a three-layer model, including sapphire substrate,
an isotropic GaN film and a surface layer counting for the
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FIG. 4. Structural model sketch of GaN/sapphire with a surface rough layer.

surface roughness of GaN film, as shown in Fig. 4. The
VASE data and model fittings are shown in Fig. 5. The top
surface layer is described by a Bruggeman effective media
approximation (EMA)?!? for a layer consisting of GaN and
voids. The model dielectric function (MDF) of GaN, was
represented by a simplified Adachi model,'® which consisted
of two critical points (CP) describing the interband transi-
tions (E, and E; gaps), and two exciton contributions at E,
and E, edges. With the assumption of parabolic band shape
for both valence and conduction bands, the contribution of
E, to €(E) is'®?

€)= A0Eq xg 12— (14 x0)**= (1= x0) ]}

9)

50
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FIG. S. RVASE data and model fittings of a GaN/c-sapphire sample. (a) ¥
data and the best model fit at 20° and 40° angles of incidence; (b) A data and
the best model fit at 20° and 40° angles of incidence. The solid line repre-
sents the best model fit. The circle and square represent the data taken at 20°
and 40° angles of incidence, respectively.
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FIG. 6. Ordinary dielectric functions of GaN obtained from the small angle
of incidence RVASE data analysis of a GaN/c-sapphire sample.

The E, contribution to €(E) can be expressed as

eNE)=A,x7%In(1—x?), (10)

and
Xj=(E+iI“j-)/E~, (11)

where j can be 0 or 1 for Egs. (9) and (10), respectively. A,
E;, and T'; are amplitude, transition energy, and broadening
parameter of the Eq and E, CP structures, respectively. The
contributions to €(E) from excitons at E and E; edges are
approximated by two discrete damped Lorentzian line shapes

with complex amplitudes:

Ajxexp(ipjy)

(jx) =
e NE)= —
ij—E—lex

(12)
where j=0, 1 for E and Ey, respectively. E;,, I';,, and A,
are center energy, broadening, and amplitude of each exci-
ton, respectively, and p;, is the phase factor of the complex
amplitude. The total dielectric response due to interband
transitions and excitonic contributions, in the energy range of
0.75-6.5 eV, is then given by

€(E) = €.+ €O(E) + "(E) + €V (E) + '7(E).
13)

The dielectric constant €, accommodates contributions from
CP structures at energies higher than E,, which are not di-
rectly included in the model. The upper CPs are not consid-
ered in this model is due to the limit of experimental data at
6.5 eV. This parametric dispersion model can, without com-
promise to the quality of data fitting, replace the usual tabu-
lated optical constants lists by using a reasonable small set of
adjustable parameters (15 parameters total in this model ex-

TABLE 1. Best fitting parameters for GaN ordinary dielectric functions.

CP contribution AfAL) EXE;) TT)) Ph
@ 30.15 (V)™ 344 (V) 022 (eV)
g0 1.07 (eV) 342 (V)  0.19 (eV) -1.52
gth 2.90 6.94 (V)  0.047 (eV)
g 3.34 (eV) 6.92 (eV) 186 (eV) —-0.025
Eo 0.23

Yan et al.

100117111
9.0 —— Model fit

O Exp data
8.0

w - 7.0F
6.0
50 —

4-0||.I-I.I|I-l|

01 2 3 456 7
Photon Energy (eV)

FIG. 7. Kramers—Kronig consistency check of the ordinary dielectric func-
tions of GaN.

cept film thickness and surface parameters). It reduces pa-
rameter correlation in data fittings, and enforces continuity
on the optical constants.

With a small amount of surface roughness (about 3.7 nm
thick EMA layer with 41% voids resulted from the best fit),
the VASE data at both angles of incidence were fitted ex-
tremely well. The GaN film thickness resulting from VASE
data analysis is about 1024 nm, which is close to the nominal
value of 1 um.

The ordinary dielectric functions of GaN film grown on
c-plane sapphire substrate determined in this work are shown
in Fig. 6. The fitting parameters of GaN ordinary dielectric
functions are listed in Table I. The starting values of the
fitting parameters are set based on the critical point structure
of GaN.'® Notice that the E, and E, values are slightly dif-
ferent from those given in Ref. 18. This may be due to the
simplification of the present model and the limited spectral
range of the experimental data. The sharp turn of €, near the
band edge and the very weak absorption tail indicate that this
film has high crystal quality. In order to check the Kramer—
Kronig (KK) consistency of the resulting GaN ordinary di-
electric functions, a KK fitting is shown in Fig. 7. The circles
are the best €, result, and the solid line is the calculated ¢,
from the known €, values using the KK relation. The final
results of all fitting parameters are given in Table II. The KK
relation used in the calculation is?*?

LA

Ell(k(E) = Elffw"' 2 _2_ (E)?

j-ﬁsev EI meaS(E )

WdE' (14)

0.75 eV

TABLE II. Kramers—Kronig fitting parameters for GaN ordinary dielectric
functions.

Fitting parameters

Pole No. E; A gofsel
1 7.491 2.001 1.04
2 14.092 24.6
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For a specified material, the KK integral is numerically
evaluated to calculate €; values from €,. The model then
adds the contribution from two nonbroadening oscillators
and a fixed offset to account for absorption outside the ex-
perimental measurement range. E; is the energy location of a
nonbroadening oscillator that is added to simulate absorption
outside the integration range, A; is the magnitude of the os-
cillator located at E; position. In our calculation two oscilla-
tors were used outside the measured region.

V. SUMMARY

The optical anisotropy of GaN films grown on c-plane
sapphire substrates was revealed by the generalized variable
angle spectroscopic ellipsometry. This anisotropy can be ob-
served via the nonzero off-diagonal Jones matrix. These off-
diagonal elements are nonnegligible in a range of incident
angles for slightly miscut samples. However, these elements
may become undetectable beyond this range of angles. At a
small angle of incidence (¢<<40), the optical anisotropic
effect on both off-diagonal and diagonal elements of the
Jones matrix can be greatly reduced. Thus the ordinary di-
electric functions of GaN are accurately determined in the
range of 0.75-6.5 eV by fitting the RVASE data with an
isotropic CP model dielectric function. The comparison of
the calculated €, and the experimental €; indicates that the
dielectric functions obtained in this study are KK consistent.
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Abstract
Variable angle spectroscopic ellipsometry (VASE) has been employed to study
the extraordinary optical dielectric response of hexagonal gallium nitride (GaN) thin film

grown on c-plane sapphire substrates (0-Al,03) by molecular beam epitaxy (MBE).

Room temperature VASE measurements were made, in the range of 0.75 to 6.5 €V, at the
angle of incidence in between of 60 and 80 degree. VASE data simulations by isotropic
and anisotropic models indicate that the anisotropic effect can be detected most-
sensitively at large angles of incidence (near the pseudo-Brewster angle). Thus the
extraordinary optical dielectric functions (E || <c¢>) are precisely determined by standard
VASE measurements at 60°, 70°, and 80° angles of incidence in the range of 0.75 to 6.5
eV. The surface roughness was also considered in the VASE data analysis in order to
separate it from the anisotropic effect. The VASE data is analyzed by a model dielectric

function based on the GaN critical point structure, which allows for a non-zero extinction

» Electronic mail: hyao@unl.edu




coefficient k below the band gap. The thicknesses of these GaN films are accurately

determined via the analysis as well.




1. Introduction

The wide band gap semiconductor GaN is an important material for light emitting
device applications in the green, blue and UV regions" 3. GaN films grown on sapphire
substrates usually have hexagonal structure, which is optically anisotropic. The ordinary
optical dielectric functions of GaN have been studied intensively since 1960°’s* > 6. The
most recent data of ordinary dielectric functions were determined by variable angle
spectroscopic ellipsometry (VASE) with’ or without® the consideration of surface
roughness and the optical anisotropy. But the extraordinary dielectric functions of GaN,
on the other hand, are not well documented. Y reported the extraordinary functions
below the fundamental band gap measured by polarized reflectance without the
consideration of the surface roughness. Polarized reflectance spectroscopy is a
straightforward technique to measure the extraordinary response of GaN. However it
may be lack of accuracy because not only reflectance is an intensity sensitive method, but
also it is lack of sensitivity on surface roughness. The later is because of the phase
information cannot be obtained in a reflectance spectrum. But this does not mean that the
reflectance spectrum will not be affected by the surface roughness.

In principle, the best way to determine the extraordinary dielectric functions is
using the generalized ellipsometry (GE), which can accurately distinguish the difference
between the ordinary and extraordinary dielectric response by measuring the off-diagonal
elements of Jones matrix (A, and Asp)7. But the GE measurements for the determination
of the extraordinary functions require non c-plane samples, or say the optical axis of a

GaN film has to be certain degree away from the surface normal, and this angle has to be




well determined before the GE measurements. In fact, Most of high quality GaN films
were grown on c-plane (0001) sapphire substrates either by molecular beam epitaxy
(MBE) or metalorganic vapor phase epitaxy (MOVPE) techniques. The optical axis <¢>
of the GaN film grown on c-plane sapphire is perpendicular to the sample surface
nominally, and parallel to the <¢> of sapphire. In this case the off-diagonal elements of
Jones matrix are zero. Therefore, Measuring a GaN film grown on c-plane sapphire by
GE will not bring any information about the off-diagonal elements. An alternative way to
determine the extraordinary dielectric functions of GaN films grown on c-plane sapphire
substrates is to employ the standard ellipsometry under some special conditions.

For an anisotropic material, both ¥ and A will be affected greatly by the optical

anisotropy. This effect is also incident-angle dependent. At certain angle of incidence
(near pseudo-Brewster angle), extraordinary optical response (E || <¢>) has the maximum
sensitivity. At small angle of incidence, the extraordinary response has almost no

sensitivity in the ¥ and A. This is how the ordinary dielectric functions were determined

in our previous study’. In this.paper, the extraordinary dielectric functions of a GaN film
grown on c-plane sapphire substrates were determined by standard variable angle
spectroscopic ellipsometry at large angles of incidence, via a parametric semiconductor
model (allow nonzero-k) in a wide energy range of 0.75eV to 6.5 eV, and they are
Kramers-Kronig consistent. The impact of surface roughness on the VASE data analysis

is also discussed through model-generated reflectivity and VASE data.




2. Theory
2.1. Ellipsometry for isotropic films

For an isotropic material system, the ellipsometric parameters ¥ and A are

defined as below.

R _
p= = tan(y)e” (1)

R and R, are the total reflection coefficients of a multiple-layer structure for s and p
polarized light, respectively. They are the diagonal elements of Jones matrix in a no
depolarized system. In the case of a substrate with one surface overlayer, light can see
two interfaces (air-film, and film-substrate) for both reflection and transmission. The
total reflection coefficients (R; and R;) are expressed as'’:

K +755 exp(—j28)

Rs:l S S exp(— /2
+1yry3 exp(=j2f3)
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R - rh + 1] exp(-j2) ;
P T exp(—/2P) )

Where

B= 271:(1_)]?[2 cosg, @)

s s p 4 . . . .
ny, "3, "2, and '3 are the Fresnel reflection coefficients of a single interface. The

general formats of p- and s-polarized reflection coefficients are

N, cos¢ —N,cosp,
N cosg; TN, co50; )
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WP N, cos¢ — Njcos¢,
12 N, cos@; + N;cos¢,

(6)

171 and 172 are the complex indices of reflection of the upper and lower medium. #; is
the angle of incidence, and ¢, is the refraction angle (they are related by Snell’s law).
The y and A are not only dependent on dielectric functions, but also on the angle

of incidence, surface condition, sample structure, and other properties such as the optical

anisotropy for anisotropic materials.

2.2. Ellipsometry of anisotropic films
For a uniaxial anisotropic film, when the optical axis <¢> is perpendicular to the
film surface, i.e., the c-plane case, the three-phase total reflection coefficients for s- and p-

polarized light are!!

_ Mz +ryexp(—j2p;)

R
* Trrgn; exp(—j2B,)

U

riz +ra3exp(—j28,)

R =
T TErys exp/2B,) (8)

Where 7i2 , " 2 are the Fresnel reflection coefficients at the first and second interfaces for
o p p . :
s-polarization. "12 and 23 are the Fresnel reflection coefficients at the first and second

interfaces for p-polarization. They are

s _ Njcos¢y —N,, coso,
"2 = o o 9)
Nicos¢h +N,, cosy

_ Ny cosd;— Ny, cosgs

N
Fa3
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B, and B, represent the phase difference for the s-polarized wave and p-polarized wave.

5. = 27rd[(ﬁ2l)2 —iﬁl)zsinzﬂ]; (13)

_2mdly (W) ~(W))” sin” 9]
ANy

P (14)

Where A is the wavelength of the monochromatic light in vacuum and d is the thickness of

the anisotropic film.

Look into the definition of W and A, it is obvious that these two parameters

depend on N 21 and N 2]l , and the angle of incidence.

3. Experiments

The GaN film (about 1pum thick) studied in this work was grown by MBE on c-

plane sapphire substrate. The cutting error of crystal orientation is within about 1°. The
backside of the substrate was unpolished which is rough enough for making good
reflection VASE and polarized reflectivity measurements from the front surface. The
RVASE optical measurements of both isotropic and anisotropic modes were performed in

the energy range of 0.75 eV to 6.5 eV with a 0.02 eV increment at room temperature.




Multiple angles of incidence ranging from 60° to 80° were employed in order to resolve

the optical anisotropy of GaN film and its surface roughness.

4. Results and discussion
In order to explore the extraordinary response of GaN on c-plane sapphire, a

optimum measurement condition has to be determined before the data taking. Generated

W values at an arbitrary photon energy (2 eV) as a function of incident angle are shown in

Fig 1. Data in Fig. 1 (a) is obtained from a simulated sample structure consisted of a 2 um

sapphire film and a silicon substrate. Fig. 1 (b) is a similar simulation from a GaN (2
um)/c-sapphire structure. Isotropic and anisotropic model mean that the sapphire and
GaN films are assumed isotropic or anisotropic in data generation. The ordinary and
extraordinary dielectric functions of sapphire and GaN used in the calculation are from
our previous study” 2. It is obvious that ¥ values are strongly dependent on the angle of
incidence for both isotropic and anisotropic models. The difference between isotropic
and anisotropic model is significant at large angles near the pseudo-Brewster angle in both
cases. At low incident angles (<50°), the difference is negligible. Therefore, 60°, 70° and
80° are the good angles for resolving the extraordinary response of the GaN film.

For a real sample, surface over-layer is always an important issue in an
ellipsometric study, since the native oxide or/and surface roughness are existed on many

materials. Surface over-layer can alter both W and A significantly and will affect the

values of the extracted dielectric functions from the VASE data. In order to see the over-




layer effect on a GaN/sapphire sample, a simulated sample is constructed which consists
of an EMA (effective media approximation) layer'? (50% voids, and different thickness),
an isotropic GaN film (1 um thick), and a c-plane sapphire substrate, as shown in Fig. 2.
The generated VASE data as a function of incident angle is shown in Fig. 3. The photon
energy in Fig. 3(a) and (b) is 5 eV (above the GaN band gap), and 2 eV (below the band

gap) in Fig. 3 (c) and (d). It is obvious that both ¥ and A are very sensitive to the

thickness of surface over-layer, and the most sensitive region happens near the Brewster

angle, for both 5 eV and 2 eV cases. Notice that A is much more sensitive to surface-

roughness than ¥, and the sensitivity could be in one monolayer scale. Therefore the
surface roughness can be accurately determined by VASE. This is one of the main
reasons that VASE is a more sensitive measurement than reflectance spectroscopy. The

surface effect can also be observed in the full range ¥ and A spectra, as shown in Fig. 4.
With only 4 nm difference in over-layer thickness, A alters significantly at both angles in

the above band gap region. It is also shown that the surface effect for the below‘band gap
region is much weaker.

Generated reflectance data with and without surface roughness is shown in Fig. 5.
As mentioned above, the surface effect is more sensitive in the above band gap region in
the reflectance spectra. It is also sensitive to rough surface at large incident angles

(65°<¢<85° in this GaN/sapphire case). Therefore using 75° as the angle of incidence’

without considering the surface roughness may result a large error bar in the resulted




dielectric functions. In stead, 60° may be a better choice as the angle of incidence if using
polarized reflectance spectroscopy for GaN study.
Based on the above discussions we know that both anisotropy and surface

roughness affect ¥ and A spectra. In general, surface roughness affects A more than ‘¥,

especially at the near Brewster angle region and above band gap region. While optical

anisotropy affects ¥ more than A, and this happens in the whole spectral range, and high

angles of incidence. There are some conditions at which these two effects may be
separated, such as at 60° angle of incidence for the GaN/c-sapphire case. It can be found
in Fig. 4 and Fig. 5 that there is a very weak surface roughness effect at 60° angle of
incidence while the anisotropy effect is still manageable as shown in Fig. 1 (b). In order
to resolve both the extraordinary response and the surface roughness, a series of VASE
measurements were performed at large angles of incidence, i.e., 60°, 70°, and 80°. The
VASE data is analyzed with a three-phase model as shown in Fig. 6. The fitting
parameters are the surface over-layer thickness d;, its void percentage, GaN film
thickness d, and the MDF parameters for GaN dielectric functions'*!> of the

7 and sapphire dielectric

extraordinary part. The GaN ordinary dielectric functions
functions!'? are from our previous study. Some of the final fitting results are shown in the

Fig. 6. The GaN film is 1024 nm thick, which is closed to the nominal value (1 pm). The

surface over-layer is about 3.7 nm thick with 41% voids. The VASE data and the best fit
are shown in Fig. 7. The fitting parameters of GaN extraordinary dielectric functions are

listed in Table 4.1. The details of this parametric model description and the method of
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use are same as the ordinary part. The resulting ordinary and extraordinary dielectric

functions are plotted in Fig. 8. & is larger than £, everywhere in the whole measured

range, and the average difference between them is about 3.5%. The abrupt step around

band gap in £, curves indicates the high quality of this film, which indicates low defect

density and low impurity concentration.
Kramer-Kronig consistency check was performed on both ordinary and
extraordinary dielectric functions. The k-k results are shown in Fig. 9, and Table 2 and 3.

The solid dots circles are the best €; results for ordinary and extraordinary, respectively.

The solid line is the calculated €; from the known &, values using the K-K relation. The

K-K relation used in the calculation is'® 7

2 Ai 2 65eV EleéneaS(El)

ef(E)=¢" + + P ﬁ_Y_d' '
l 1 i Bf = (E T s E—(E (15)

For a set of known dielectric functions, & can be calculated from &, using the above K-K

integral in the measured energy region (0.75 eV to 6.5 eV). The model then adds the
contribution from two non-broadening oscillators and a fixed offset to account for
absorption outside the experimental measuring range. E; is the energy location of a non-
broadening oscillator that is added to simulate the absorption outside the integration
range. A; is the magnitude of the oscillator located at E; position. In our calculation two

oscillators were used outside the measured region.

11




Summary

Extraordinary dielectric functions of a GaN film grown on c-plane sapphire
substrates were revealed by the standard variable angle spectroscopic ellipsometry in the
range of 0.75 to 6.5 eV. Model simulations indicate that large incident angles (near the
pseudo-Brewster angle) have the best sensitivity on resolving the extraordinary response
and the surface roughness simultaneously. It also shows that VASE is a better choice
than the reflectance spectroscopy when surface over-layer exists. The real part of the
extraordinary function is larger than that of the ordinary by an average value of 3.5%.

The comparison of the calculated €; and the experimental €; indicates that the dielectric

functions obtained in this study are K-K consistent.
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Figure captions
Fig. 1. Generated VASE data as a function of angle of incidence at 2 eV. (a) Sapphire (2

um thick) on silicon substrate. (b) GaN (2 pum thick) on a c-plane sapphire substrate.

Solid line represents the isotropic sapphire or GaN layer; dash line represents the

anisotropic layers.

Fig. 2. A simulation sample structure with the surface over-layer for VASE data

generation the surface roughness is described by a EMA layer with 50% voids.

Fig. 3. Surface roughness effect observation through VASE data simulations (angle
dependence). Generated VASE data of Fig. 2 structure at 2 eV and 5 eV by isotropic

model with different over-layer thickness. (a) ¥ as a function of angle of incidence at 5
eV; (b) A as a function of angle of incidence at 5 eV; (c) ¥ as a function of angle of

incidence at 2 eV; (d) A as a function of angle of incidence at 2 €V.

Fig 4. Surface roughness effect observation through VASE data simulations (energy

dependence). Generated VASE data as a function of photon energy at 60° and 80° angles

15




of incidence by isotropic model with different over-layer thickness. (a) ¥ spectra with 0

and 4 nm thick over-layer; (b) A spectra with 0 and 4 nm thick over-layer.

Fig. 5. Surface roughness effect observation through reflectance data simulations (both
angle and energy dependence). (a) Generated reflectance data as a function of energy at
60° and 80° angles of incidence; (b) Generated reflectance data as a function of angles of
incidence at 2 €V photon energy (below band gap); (c) Generated reflectance data as a

function of angles of incidence at 5 eV photon energy (above band gap).

Fig.6. The three-phase model of the MBE grown GaN on c-plane sapphire sample.

Fig. 7. Experimental VASE data and the best model fit of a GaN/c-sapphire sample at
three angles of incidence. The circles and solid line represent the experimental data and

the best fit, respectively.

Fig. 8 Ordinary and extraordinary dielectric functions determined from the VASE data

analysis. The solid line represents the ordinary dielectric functions (¢,). The dash line

represents the extraordinary dielectric functions (g)).
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Fig. 9. Comparison of the experiment results and the calculated €; value for both the

ordinary and extraordinary dielectric functions of GaN. The solid dots and circles

represent experiment results, while the lines represent calculated values by K-K fit.
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Table 1. The best fitting parameters for GaN extraordinary dielectric functions.

CP contribution | A; (Aj) E; (Ey) I T Dix
e© 38.5(V)"? 3.44 (eV) 027(V) | ......
g 1.32 (eV) 3.42 (eV) 0.18 (eV) -1.55
e 2.67 6.96 (eV) 0.003 (€V) | ......
g 4.77 (eV) 6.94 (V) 1.38 (eV) -0.01
g 0.24
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Table 2. Kramers-Kronig fitting parameters for GaN ordinary dielectric functions.

Fitting Parameters | E; A g, Ofset
Pole #1 7.491 2.001 1.04
Pole #2 14.092 24.6
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Table 3. Kramers-Kronig fitting parameters for GaN extraordinary dielectric functions.

offset

Fitting Parameters E; A £
Pole #1 7.4883 3.805 1.05
Pole #2 13.534 21.123
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